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ABSTRACT

Besides graphene, hexagonal boron nitride nanosheets (BNNSs) are playing an excellent role for the next generation
of 2-dimentional (2D) functional nanomaterials. Due to the similar lattice parameter and identical crystalline structure
to that of graphene, BNNSs are often known as white graphene. These nanosheets exhibit several unique properties
that make them preferable to graphene in some ways. Unlike graphene, there was no established method for obtaining
large scale of single- or few-layer BNNSs.

In our current research, we installed and upgraded CO2-pulsed laser plasma deposition system and introduced new
experimental parameters in order to achieve large amount of high quality, few atomic layers BNNSs at significantly
low substrate temperature down to 300 oC and at short interval of deposition time (e.g. 3-5 sec). With the variation of
deposition parameters such as using H2 gas as deposition environment, we controlled the thicknesses of nanosheets
down to 1.5 nm, while quality and purity of the sample were still very high. Moreover, the depositions performed in
H2 environment effectively prevented nanosheets from sputtering through high energy boron (B) and nitrogen (N)
ions, as result, large amount of single-crystal and polycrystalline nanosheets were obtained. The size, shape,
thickness, density, and alignment of the BNNSs were well-controlled by appropriately changing the deposition
conditions. TEM images showed large area, flat and transparent BNNSs while, high resolution transmission electron
microscopy (HRTEM) showed the sheets to be mostly defect-free and to have the characteristic honeycomb crystal
lattice structure based on six-membered B3-N3 hexagon. From HRTEM measurements, one can clearly distinguish
between the bright and slightly dull dots related to B and N atoms arranged in a typical honeycomb network
structure, similar to C-C atoms in graphene. HRTEM, electron diffraction, X-ray diffraction, Raman scattering, fast
Fourier transform and Fourier transform infrared spectroscopy clearly identified hexagonal BN (h-BN).

Leading BNNSs towards advanced material applications, we investigated how nanostructuring of composite BNNSs
can be used to provide new electronic and optical functionalities. We focused on three different areas of nano-
electronic device technology, e.g. fabrication of BNNSs-based prototype Schottky diode, deep ultraviolet (DUV)
photo detector and resistance based gas sensor. Doping with carbon elements functionalized BNNSs and current
versus voltage (I-V) characteristics of Schottky diode were recorded at different temperatures (25 oC, 50 oC, 75 oC)
which represented slight doping into BNNSs brought a significant change in the output current of diode. BNNSs
were also treated with hydrogen plasma, which exhibit distinct and pronounced changes in its electronic properties
after the plasma treatment. The band-gaps of the few layers BNNSs reduced from ~5.6 eV (at 0 s without hydrogen
treatment) to 4.25 eV (at 250s with hydrogen treatment), which is a signature of transition from the insulating to the
semi-conductive regime. It was concluded that with the engineering of 2D materials by attaching other atoms or
molecules significantly changes their electronic properties.

Data obtained from BNNSs-based DUV photo-detector device indicates that BNNSs are highly sensitive to deep UV
light source. Response time and recover time are around 5s and 150s, respectively. Actual response time and recover
time should be shorter because time delay for reaching full intensity for UV lamps after switch on lamp, or
florescence after switch off the lamp affects the measurement results. Gas sensing properties of BNNSs-based gas
sensor indicated that BNNSs are truly an effective material that can be used as resistance based gas sensor operates in
extreme high temperature and toxic environment where properties of conventional sensors fall short. It is therefore
concluded that BNNSs are highly attractive for range of applications in material science and nano-electronic device
technology.

Similar to diamond like carbon, BN is also fashionable in cubic structure. To synthesize cubic BN (c-BN), high
temperature and high pressure condition are required. Synthesis at low temperature and low pressure was a challenge.
In our study, we synthesized cubic BN at significantly low substrate temperature (450 oC) using ferrous oxide
nanoparticles as catalyst. While by using nickel and cobalt nano-particles as catalyst helped in producing BN
nanotubes.
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Abstract

Besides graphene, hexagonal boron nitride nanosheets (BNNSs) are playing an excellent role for
the next generation of 2-dimentional (2D) functional nanomaterials. Due to the similar lattice
parameter and identical crystalline structure to that of graphene, BNNSs are often known as
white graphene. These nanosheets exhibit several unique properties that make them preferable to
graphene in some ways. Unlike graphene, there was no established method for obtaining large
scale of single- or few-layer BNNSs.

In our current research, we installed and upgraded CO,-pulsed laser plasma deposition system
and introduced new experimental parameters in order to achieve large amount of high quality,
few atomic layers BNNSs at significantly low substrate temperature down to 300 °C and at short
interval of deposition time (e.g. 3-5 sec). With the variation of deposition parameters such as
using H, gas as deposition environment, we controlled the thicknesses of nanosheets down to 1.5
nm, while quality and purity of the sample were still very high. Moreover, the depositions
performed in H, environment effectively prevented nanosheets from sputtering through high
energy boron (B) and nitrogen (N) ions, as result, large amount of single-crystal and
polycrystalline nanosheets were obtained. The size, shape, thickness, density, and alignment of
the BNNSs were well-controlled by appropriately changing the deposition conditions. TEM
images showed large area, flat and transparent BNNSs while, high resolution transmission
electron microscopy (HRTEM) showed the sheets to be mostly defect-free and to have the
characteristic honeycomb crystal lattice structure based on six-membered B3-N3 hexagon. From
HRTEM measurements, one can clearly distinguish between the bright and slightly dull dots
related to B and N atoms arranged in a typical honeycomb network structure, similar to C-C

atoms in graphene. HRTEM, electron diffraction, X-ray diffraction, Raman scattering, fast
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Fourier transform and Fourier transform infrared spectroscopy clearly identified hexagonal BN
(h-BN).

Leading BNNSs towards advanced material applications, we investigated how nanostructuring of
composite BNNSs can be used to provide new electronic and optical functionalities. We focused
on three different areas of nano-electronic device technology, e.g. fabrication of BNNSs-based
prototype Schottky diode, deep ultraviolet (DUV) photo detector and resistance based gas sensor.
Doping with carbon elements functionalized BNNSs and current versus voltage (I-V)
characteristics of Schottky diode were recorded at different temperatures (25 °C, 50 °C, 75 °C)
which represented slight doping into BNNSs brought a significant change in the output current of
diode. BNNSs were also treated with hydrogen plasma, which exhibit distinct and pronounced
changes in its electronic properties after the plasma treatment. The band-gaps of the few layers
BNNSs reduced from ~5.6 eV (at 0 s without hydrogen treatment) to ~4.25 eV (at 250s with
hydrogen treatment), which is a signature of transition from the insulating to the semi-conductive
regime. It was concluded that with the engineering of 2D materials by attaching other atoms or
molecules significantly changes their electronic properties.

Data obtained from BNNSs-based DUV photo-detector device indicates that BNNSs are highly
sensitive to deep UV light source. Response time and recover time are around 5s and 150s,
respectively. Actual response time and recover time should be shorter because time delay for
reaching full intensity for UV lamps after switch on lamp, or florescence after switch off the
lamp affects the measurement results. Gas sensing properties of BNNSs-based gas sensor
indicated that BNNSs are truly an effective material that can be used as resistance based gas

sensor operates in extreme high temperature and toxic environment where properties of



conventional sensors fall short. It is therefore concluded that BNNSs are highly attractive for
range of applications in material science and nano-electronic device technology.

Similar to diamond like carbon, BN is also fashionable in cubic structure. To synthesize cubic
BN (c-BN), high temperature and high pressure condition are required. Synthesis at low
temperature and low pressure was a challenge. In our study, we synthesized cubic BN at
significantly low substrate temperature (450 °C) using ferrous oxide nanoparticles as catalyst.

While by using nickel and cobalt nano-particles as catalyst helped in producing BN nanotubes.
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Chapter 1

Introduction and Motivation

1.1 Introduction and Motivation

Discovery of graphene [1] has brought a new revolution in the material science due to its
many charming, unusual properties and practical applications in nano-electronic device
technology [2-6]. This stimulated the interest in atomically thin sheets of other 2D layers
materials e.g. silicon carbide, molybdenum disulfide, tungsten disulfide, tungsten diselenide,
molybdenum diselenide, and hexagonal-BNNSs. Due to crystalline structure similarity to that of
graphene, BNNSs has been considered the most prominent member of the family of 2D layered
materials [1]. BNNSs are 2D wide band gap semiconductor material fashionable in hexagonal
structure solely made of alternating boron (B) and nitrogen (N) atoms which construct a
characteristic honey-comb network of Bs;-N3 hexagon [7,8]. The B and N atoms are bound by
covalent bonds (sp? bonds), whereas weak van der Waals forces hold the layers together. The
inter-planar spacing between two consecutive layers is 0.334 nm which is very close to that of
graphene (0.333 nm) while with in a layer, the bond length between two consecutive B and the N
atoms is 1.44 A as shown in Fig. 1. Due to crystal structure similarity of BNNSs to that of
graphene; this material can possess enormous potential in the development of complementary
electronic and composite devices. For example, BNNSs have been considered ideal dielectric
and substrate material to graphene-based nano-electronic devices because it has an atomically

smooth surface that is relatively free of dangling bonds and charge traps [9]. The excellent
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thermal and chemical stability, and superb resistance to oxidation properties, soon lead this
material to the new applications in high performance functional nano-electronic devices.

The intra-layer interactions between the layers of a single BNNS are often well characterized.
These inter-layer interactions are determined by a delicate balance between dispersion forces,
electrostatic interactions and Pauli repulsions. Understanding the relative contribution of each of
these interactions to the inter-layer binding is therefore essential for the characterization of their
mechanical, electronic, and electromechanical properties and for the design of new materials
with desired functionality.

Figure 1.1 describes an example of carbon pencil indicating similarity between the
graphene and BNNSs. If we slide the tip of carbon pencil on the piece of a paper, we can see the
gray color line. The microscopic analysis of the line can show us large number of carbon sheets
stacked on top of one another. Within the sheets, carbon atoms are bonded with Sp? bonding
while weak Vander wall force holds the layer together. When we slide the tip of pencil on paper,

due to friction weak bonding between the carbon sheets breaks and layers goes on the paper.

Ol b @ = 2

Figure 1.1 Schematics of (a) Carbon pencil, (b) graphene layers, and (¢) BNNSs; a
comparison between the graphene and the BNNSs.
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In BNNSs, adjacent sheets differ in stacking sequences of atomic planes with respect to C
atoms in few layers graphene as shown in Fig. 1.1. In general, electron deficient B atoms are
located directly above or beneath corresponding electron-rich N atoms, whereas in graphite,
hexagons are offset and alternating C atoms lie above and beneath hexagon centers. The ionic
nature of the B—N bond results in ABAB stacking geometry. The interlayer attractive forces are
mediated by pseudo delocalized out-of-plane m orbital and weak van der Waals interactions as
stated earlier. This highly stable and mechanically strong structure exhibits extremely high
chemical stability and resistance to oxidation until temperatures of over 800 °C, thus making
BNNSs highly attractive for a range of applications in the bulk phase where chemical stability
and structural integrity are demanded. It is therefore particularly challenging to initiate chemical
reactions involving atoms in the bulk BN lattice while retaining the intrinsic properties of the
material. In view of the recent advances in the area of 2D nanosheets, it has become apparent
that for the application of BN nanosheets, alternative chemical strategies will be necessary to
integrate and utilize BNNSs in applications such as surface coatings and nanocomposites.

1.2 Low Dimensional Boron Nitride Nanostructures

“Low-dimensional nanostructured materials [10] refers to a new class of material with
reduced dimensionality, i.e., with one or more physical dimension(s) constrained to the
nanometer scale. Two-dimensional (2D) nanosheets [1] and nanoribbons, one-dimensional (1D)
nanotubes [11,12], and zero-dimensional (OD) fullerenes [13] represent typical examples of such
materials. When compared to three-dimensional (3D) bulk substances, low-dimensional
structures are anticipated to exhibit new properties due to quantum confinement and/or surface

and interfacial effects. Therefore in recent years, scientists have drawn particular attention to
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grow such nanostructures in order to enhance their unusual physical and chemical properties that
can promote novel applications of material in engineering and applied physics.

Similar to carbon nanostructures, low-dimensional BN nanostructure e.g. BN nanotubes
(BNNTSs), nanowires, nanoribbons, nanofibers, and nanorods were successfully synthesized.
Four years after the identification of carbon nanotubes (CNTs) [14], BNNTs [15] were
synthesized and characterized. Subsequently other 1D BN nanomaterials such as nanowires,
nanoribbons, nanofibers, and nanorods were also identified. Moreover, inspired by C60
buckyballs, 0D nested and single-layered octahedral BN fullerenes were produced. In addition,
after the rise of graphene and the research progress on layered 2D nanostructures, free-standing
2D BN flakes were peeled off from a BN crystal. However, the initial growth of BN nanosheets
(BNNSs) in the form of so-called nanomeshes on metallic substrates had been reported a year

earlier. Structural models of 0D, 1D, and 2D BN nanomaterials are illustrated in Fig. 1.2.

() Nanosheet Nanoribbon Nanotube
a
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Figure 1.2 Structural model for low dimensional BNNSs: (a) a piece of BN nanosheet,
(b) BN nanoribbons, (c) BNNT, and (d) fullerene type BN nanoballs.
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1.3 Carbon and BN Nanostructures

The comparison between carbon nanostructures and boron nitride nanostructures is
particularly helpful for the understanding of their functionality. Figure 1.3 shows a schematic
view of carbon nanostructures and BN nanostructures. All carbon nanostructures are solely made
of carbon atoms arranged in a typical honeycomb crystal lattice structure while BN
nanostructures are composed alternating B and N atoms. Among all these existing nanostructures
introduced so far, monolayer system is getting a superb research interest. For developments in
nanotechnology it is useful to have single layer systems which are inert, remain clean at ambient
conditions and are stable up to high temperatures. In this field sp® hybridized graphene and
BNNSs are outstanding examples. Both these two materials have sp? hybridized layers with
about the same lattice constant, but, on most transition metals graphene is metallic, while BNNSs

is an insulator or wide band-gap semiconductor.

Carbon Nanomaterials Boron Nitride Nanomaterials

CNT BNNT

i

Graphene h-BN

aff

GNR BNNR

Figure 1.3 A Schematic illustrates the structure similarity between the carbon
nanostructures and the boron nitride nanostructures.
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1.4  Monolayer Boron Nitride; Analogue of Graphene

The experimental isolation of graphene had opened up the possibility of extracting and
isolating 2D forms of crystals composed of elements other than carbon. It has been reported that
micromechanical cleavage technique can also be applied to obtain thin BN sheets [16].

Mono layer BNNS is a structural analogue of graphene, promising for many applications
[17]. An atomic thick sheet of BN (Figure 1.3) offers unique set of properties which can’t be
realized in graphene system; such as large band-gap, high optical-transparency, tunable
photoluminescence [18], high mechanical strength [19], high thermal conductivity, UV
cathodoluminescence [20] and atom-thick electron-tunneling-barrier. Its pronounced thermo-
chemical stability (stable up to 1000°C in air and up to 1800°C in inert atmosphere) makes it a
superior candidate for high-temperature applications and in chemically-hazardous environment
[21]. In spite of these rich properties, the 2D form of BN does not yet share the immense
progress relished by graphene. This is because the chemically-passive nature and strong bonding
h-BN makes its large scale exfoliation in the single-atom thick form challenging. This is the
challenge that we have addressed in our work and have developed new experimental parameters
using a short pulsed laser plasma deposition to synthesize BNNSs that results in the highest ever
reported yields of atomic thin BNNSs. Unlike to nano carbon (graphene and carbon nanotubes),
whose non-polar C—C bonds form a uniform and smooth sidewall structure, while in BNNSs,
nano BN contains polar B-N bonds with ionic character, which can induce an extra dipole
moment within the structure, indicating this material is probably superior to nano carbon
materials. The schematic of BN monolayer is shown in Fig. 1.4 [16].
Monolayer BN has strong influence on the physical and chemical properties of a material.

Sticking and bonding of atoms and molecules may change by orders of magnitude, as well as the

20



charge transport properties across and parallel to the interface. Nevertheless, due to the
electronegativity differences between the B and the N atoms the electrons tend to localize around
the N atomic centers thus forming an insulating material. Furthermore, the polarity of the B-N
bond results in formal charges around the atomic centers thus allowing for monopolar inter-layer
electrostatic interactions to join higher electrostatic multipoles, dispersion interactions, and Pauli
repulsion in dictating the nature of the interlayer binding. This, in turn, stabilizes the AA'
stacking mode (Fig. 1.1) where a B atom bearing a partial positive charge in one layer resides on
top of the oppositely charged nitrogen atoms on the adjacent layer.

Based on the above considerations, one may generally deduce that electrostatic
interactions between partially charged atomic centers may play a crucial role in the interlayer
binding of polar layered materials. Specifically, the electrostatic attractions between the
oppositely charged atomic centers in adjacent BN layers are expected to result in a considerably
shorter interlayer distance than that measured in graphite. Nevertheless, the interlayer distances
in graphite (3.33-3.35A) and in BNNSs (3.30-3.33 A) are essentially the same suggesting that
monopolar electrostatic interactions, which exist in BN and are absent in graphite, have little
effect on the interlayer binding. This is consistent with a recent study showing that van der
Waals (vdW) forces, rather than electrostatic interactions, are responsible for anchoring layers at
the appropriate interlayer distance.

BN Mono-layer can be synthesized from bulk BN by either mechanical cleavage or using
chemical-solution-derived methods [22]. The size of the flake is usually limited which could
hinder the possible applications of h-BN. Several alternative synthetic routes, e.g. chemical
vapor deposition (CVD) [23-25] and physical vapor deposition (PVD) [26-28] have also been

developed. These fabrication processes are complicated, time consuming and yielding small
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amounts of products. Previously it was also demonstrated that well-ordered monolayers of h-BN
can be obtained by exposing borazine to Ni(111) or other transition metal surfaces at high
temperatures (>700 °C) [29]. However, this method requires ultra-high vacuum (UHV). The h-
BN growth under UHV conditions appears to be self-limiting to one monolayer, and the growth
of multilayers turns out to be difficult [30]. For large scale electronic applications, it is necessary
to generate large area, high-quality, well-ordered layer structured BNNSs at low substrate
temperature and moderate vacuum levels. So far, it was a challenge to grow high-yield and high-

quality BNNSs at low vacuum and low substrate temperature.
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Figure 1.4 Schematic of BN monolayer.
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1.5 BN Solid State Phase; c-BN Film
BN can be assumed variety of phases, of which h-BN such as BNNSs and c-BN films are
most common [31,32]. Like diamond, c-BN is a chemically resistant, electrically insulating
material possessing a high hardness and is used in application where carbon based materials are
limited by oxidation. Also, c-BN is a wide, indirect band gap and can be doped with silicon or
berkelium to form high temperature n-type and p-type semiconductors. Furthermore, it is

nonreactive with ferrous metals at temperature as high as 1500-1600 K.

c-BN has a zinc-blende crystal structure consisting of two independently face centered
(FCC) lattices; one comprised of B atoms and other with the N atoms. The crystal structure is
similar to diamond except that there are two species in the zinc-blende structure with unlike
atoms on different closed-pack planes with ABC stacking sequence. In c-BN, the atoms are
bonded with four nearest neighbors of the alternate species through tetrahedral, sigma bonding of

sp® hybridized orbitals. Illustration of the c-BN crystal structure is shown in Fig. 1.5.

Figure 1.5 Schematic of c-BN Structure.
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1.6 Energy Band-Gap Modification in BNNSs

Wide band-gap electronic structure in BNNSs leads to some limitations for their
applications in real electronic devices. In order to achieve desired electric and electronic
properties, for example, to prepare a practical diode or transistor, one has to perform a doping of
BNNSs layers and induce impurities in the electronic structure [33].

So far, doping is a most feasible method to reconstruct the energy band-gap in solids. The
doping process can be accomplished via plasma ion implantation technique [34,35]. The dopant
atoms incorporate into the BNNSs that could possibly lead to the formation of different layered
structure and improve the electronic and semiconducting properties of the material [36].

Generally, BNNSs can be doped p-type with beryllium and n-type with boron, sulfur, and
silicon or co-doped with carbon and nitrogen [37]. The best doping concentrations for BNNSs
remain to be investigated. So far, it is reported that the combination of C atoms with B and N
atoms could possibly lead to the formation of different (Bx-Cy-Nz) layered structure. Theoretical
studies have also anticipated that the electronic structure and band gap of Bx-Cy-Nz will depend
on composition and electronic arrangement of B, C and N elements in the lattice [38]. The
dopant atoms incorporate in the crystalline structure and improve the electronic and
semiconducting properties of the material.

Several possible structures can be constructed via doping in BNNSs as shown in Fig. 1.6
(a-b). It is obvious that advanced semiconductor devices in integrated circuits are smaller than 20
nm in length and width, and continue to shrink at a rapid pace. At such small size, addition of a
single atom in the active region of the device can drastically change the device behavior. Figure

1.6 (b) shows several possible hybridized nanostructures BNNSs formed by doping carbon
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elements. For example a single B3-N3 ring can be hybridized into several possible ways, for

example B,-C,-Ny, B1-C3-N2, B,-C3-N3, B3-C1-N; etc as shown in Fig. 1.6 (b) [38].

Figure 1.6 (a) Schematic of doped single layer BNNS, (b) hybridized BNNSs structures
with carbon elements.

1.7 Application of BNNSs

BNNSs have been tested for numerous applications in electronics and optoelectronics.
For example, BNNSs are considered an excellent dielectric material. Moreover, BNNSs have

also been reported as superb substrate material for graphene based electronic devices. An
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example is shown in Fig. 1.7 in which significant increase in output current recorded when

graphene deposited on BNNSs substrate [39].

14
L Graphene on h-BN

raphene on SiO,

-40 -20 0 20 40
\fﬁ (V)
Figure 1.7 1-V characteristics of graphene placed on SiO, and BNNSs.

1.7.1 BNNSs-Based Deep UV Photo Detectors

DUV photo detectors have been widely used in various commercial and military
applications, such as environmental protection, pollutions monitoring, water purification, secure
space-to-space communications, NASA aerospace applications, information storage technology,
flame sensing and early missile plume detection [40]. Many wide-band-gap semiconductors with
good optical properties such as doped gallium nitride (GaN) [41,42], zinc oxide (ZnO) [43,44]
silicon carbide (SiC) [45,46] and diamond [47,48] have been used for UV detectors, but few
concerns with BNNSs for DUV detectors as BNNSs have large energy-band gaps, chemically
and thermally more stable than that of traditional semiconductors used for UV applications. The
flat surface of nanosheets has enormous potential to absorb UV light and transform it into signal.

Moreover, BNNSs-based DUV optical sensor show good response to UV light with wavelengths
26



below 254 nm, therefore they can operate for aerospace communication and devices operating in
extreme environments where properties of other material such as GaN, ZnO and diamond fall
short.
1.7.2 BNNSs-Based Schottky Diode

A metal-semiconductor junction can be formed between a metal and a semiconductor,
creating a Schottky barrier (instead of a semiconductor—semiconductor junction in conventional
diodes). The metal side acts as the anode and n-type semiconductor acts as the cathode of the
diode. A typical symbol of Schottky diode is shown in Fig. 1.8. Traditional materials used are
molybdenum, platinum, chromium or tungsten, and certain silicides, e.g. palladium silicide and
platinum silicide; and the semiconductor would typically be n-type silicon [49,50].

BNNSs are wide band-gap materials that could be used as Schottky diode after doping.
With doped semiconductors, the width of the depletion region drops. Below certain width, the
charge carriers can tunnel through the depletion region. At very high doping levels the junction
does not behave as a rectifier anymore and becomes an Ohmic contact. This can be used for
simultaneous formation of Ohmic contacts and diodes, as diodes form between the silicide and
lightly doped n-type region and Ohmic contacts form between the metal and a heavily doped n-

or p-type region in semiconductor.

Figure 1.8 A typical symbol of a Schottky diode.
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Generally, different materials have different Fermi levels. When they are brought into
electrical contact, enabling electron transfer between the materials, the work done in removing
an electron from one material and placing it in the other is equal to the energy difference in the
Fermi levels. Consequently, energy is released upon contact by electron transference from the
material with the higher Fermi level to the material with the lower Fermi level. This charge
transfer continues until the electrical charge difference means the energy gain from transfer is
countered by the electrical work required against the charge difference. At this point the two
Fermi levels are brought into coincidence at a common level EF and no further charge transfer
occurs. This flat Fermi level situation corresponds to thermal equilibrium and no net current
flows once equilibrium is reached.

The final potential barrier between the metal Fermi level and the majority carrier band
edge in the semiconductor is called the Schottky barrier, traditionally labels as ¢B. It is a form of
contact potential. The potential drop across the semiconductor depletion layer is called the built-
in potential, labeled oy in the Fig. 1.9.

The formation of a Schottky barrier is shown schematically in the figure 1.9, beginning
with the isolated materials (top), an intermediate dipole formation stage (center), and the
completed configuration with formation of a depletion layer (bottom). The top panel shows a
charge-neutral, partly filled metal energy band and a charge-neutral semiconductor valence and
conduction band, chemically and electrically isolated from each other. The Fermi level in the p-
type semiconductor Eg, (assumed to be in units of eV) is near its valence band edge, as set by its
acceptor impurity doping. The Fermi level in the metal Er, marks the half-occupancy energy

level in the partly filled band of the metal.
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The center panel shows schematically the formation of an immobile interfacial dipole
layer that alters the Fermi level difference, and adjusts how much mobile charge transfer occurs
to form the depletion layer. This dipole formation is not only a result of quantum mechanics at a
discontinuity between solids, but chemical processes involving the atomic layers in what is
sometimes called the interface specific region. The interfacial dipole layer reflects the fact that
properties of the bulk materials by themselves do not determine the charge transfer that occurs.
Rather, the chemistry of the interface, defects at the interface, and the mechanical adaptation to
new atomic positions near the interface that are differently spaced than those found in bulk
material, all conspire to alter the amount of charge transfer from that expected from bulk
properties. This interface dipole contribution is specific to the interface materials, and is different
for (say) a material interface cleaved in vacuum and that for the same material mated to some
other material. This interface dipole also is different for differently oriented or differently
structured crystal planes. But whatever the final amount of charge transfer, charge transfer
occurs and the two adjoined materials each acquire a charge.

The bottom panel shows the final configuration following mobile charge transfer between
the materials. The transfer of electrons from the metal results in a very thin layer of positive
charge in the metal very near the interface. Because the electron density in the metal is extremely
large, the band bending in the metal is negligible in the diagram. On the other hand, the density
of holes in the semiconductor is not nearly as large as the electron density in the metal, so the
charging of the semiconductor is spread deeply into the material (the field effect). The
semiconductor gains electrons, as indicated by the bending of the valence band edge away from
the Fermi level, which increases the valence band occupancy by electrons. Differently stated, the

vacancies (holes) in the valence band are reduced in number, and the charge balance in the band-
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bending region is lost. In this depletion layer, the holes or majority carriers are depleted (the
unshaded surface region in the figure), exposing the immobile negative acceptor dopant ions to
make this region charge-negative. This dopant charge results in a potential according to Poisson's
equation. The potential decreases with distance toward the bulk semiconductor, and at some
distance (the depletion width) the bulk properties of the semiconductor are regained and the

semiconductor bulk is charge neutral.
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Figure 1.9 Schottky barrier formation on p-type semiconductor. Top: isolated charge-
neutral bulk materials. Center: dipole layer formed as materials interact; Fermi level
difference is reduced. Bottom: final configuration following charge transfer to reach
equilibrium with no applied voltage. The neutral (shaded) region in the semiconductor
moves away from the interface, leaving a charged depletion region (unshaded) near the
interface.

At zero bias there is no net current, because the current from the semiconductor is
balanced by that from the metal. According to the model of thermionic emission, the current
flowing over an energy barrier is proportional to the carrier density next to the barrier. One can
imagine the carriers in rapid thermal motion randomly directed. The carriers approaching the

barrier with energies lower than the barrier height bounce off the barrier and do not cross it.
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Some fractions of those that are more energetic escape backward scattering to succeed in
surmounting the barrier, and are lost to the far side. On the metal side, hole injection from the
metal Fermi level into the semiconductor valence band is small as it requires surmounting a large
energy barrier. On the semiconductor side, hole injection into the metal requires surmounting the
built-in barrier height, pbi. Although the barrier on the semiconductor side is smaller than the
Schottky barrier B on the metal side, so is the carrier density. The two currents balance at zero
bias, so no net current flows. These balancing current flows are much larger than in the pn-diode
because thermionic emission results in larger currents than the diffusion-recombination
mechanism of the pn-diode.

1.7.3 Gas Sensing Properties of BNNSs

The development of gas-sensor devices with optimized sensitivity has been gaining prominence
interest in material technology. The use of a semiconductor fabrication line is a preferred manufacturing
process because of the potential to reduce cost. However, fundamental materials and processing issues
which are critical for a high-performance gas sensor operating in harsh environment need to be addressed.
Recently, graphene-based nano-electronic devices and gas-sensors [51] have been used successfully that
brought great interest toward the nano-technological devices using other ultra-thin nanomaterials such as
boron nitride nanosheets (BNNSs). Nanocrystalline boron nitride (BN) offers immence promise for
improve senstivity of the sensor for different working gasses. Previously, the gas sensing properties of
BNNTSs, and C-doped BNNTS for some small gas molecules, such as CH,;, CO,, H,, N,, NO,, O,, and F,,

have been investigated by using the density functional theory calculations [52-56]. However, BNNTs
present a low sensitivity to the various gaseous molecules, while few atomic layer BNNSs are
fascinating for high-performance gas-sensor. Morphologically alike to the honeycomb graphene,
the chemical alternation of boron (B) and nitrogen (N) atoms causes the ionic nature of this

crystal that could be highly sensitive for various gasses e.g. CHj4, H,, N etc. Electronic
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properties of BNNSs are strongly affected with slight interaction (adsorption on the surface of
BNNSs) of gas molecules, a prerequisite for nanomaterial based gas-sensor. Two-dimensional
flat layers of BNNSs allow total exposure of all its atoms to the adsorbing gas molecules,
providing the large sensor area per unit volume and increase the sensitivity. Due to its high
thermal stability and chemical inertness of BNNSs, the sensors can be used in harsh environment
where properties of other material fall short.
1.8 BNNSs Science Developed in this Thesis

The current research based on the synthesis of thin BNNSs on large scale for practical
applications. The Ultra-thin boron nitride sheets obtained so far with different methods exhibit
small sizes [57]. In this thesis we applied CO,-pulsed laser deposition technique for the synthesis
of atomic layers BNNSs on practical scale and investigated the fundamental study related to
electronic and opto-electronics. For example, a superb class of nanosystem explored in this thesis
is the synthesis of atomic thin sheet of BN material. An artistic rendition of the single BN layer
is shown in Fig. 1.10 a while, TEM image of atomic layer BNNS obtained experimentally clearly
interprets honey comb crystal lattice structures so for reported by theoretical models. It has
similar crystalline structure to that of graphene exfoliated mechanically using scotch tape method
[1]. These nanosheets have several potential applications that have not been realized from
graphene so far [58]. The obtained material and method used has been discussed in this thesis in

detail.
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Figure 1.10 The superb class of nanosystem explored in this thesis is the atomic thin

sheet of boron nitride. a) An artistic rendition of the single boron nitride layer. b) TEM

image of experimentally obtained BNNSs transferred on a lacey carbon grid. Such
nanosheets are obtained by the method developed in this thesis.
1.9  Overview of Dissertation

Chapter 1 introduces the current state of knowledge available on low-dimensional
nanomaterials and presents an overview of the experimental projects that are discussed ahead in
Chapters.

Chapter 2 presents a detailed study on the introduction of the synthesis and
characterization techniques used in this thesis. The development of system used to deposit
monolayer and few layers BNNSs is presented in detail. The work presented in this chapter has
been published as an article in Journal of Material Research.

In Chapter 3, large-scale synthesis and electron microscopic characterizations of BNNSs
has been explained. First time we experimentally realized honeycomb crystal lattice structure by
using HRTEM study of our samples prepared in our laboratory. Layered structures and thickness

of the nanosheets were investigated utilizing HRTEM measurements results. This work has

appeared as an article in Journal of Material Science.
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The work presented in Chapter 4 is the continuity of our investigations on nanoscale
structure study of BNNSs by using electron microscope. Important insights into the crystalline
structural, layers and thickness of the samples more precisely targeted. Starting from monolayer
layer BNNS, its features based on honeycomb network of B and N atoms and few-layer
characterization to obtain thickness of nanosheets has been demonstrated in detail. Imaging of
the edges of several BNNSs are taken to identify clear picture related to thickness of our
samples. This work has been published as an article in the Journal of Nanoscale.

In Chapter 5, different applications of BNNSs e.g. Schottky diode, UV detector and gas
sensor have been studied. Doping makes BNNSs a functional material to electronic and
optoelectronic application has identified in detail. The work composed in this chapter can be
found out in several journal e.g. Journal of Nanoscale, ACS; Applied Materials and Interfaces,
Material Research Bulletin, and Material Letters.

Chapter 6 provides detail how to synthesize c-BN films and BN nanostructures at low
substrate temperature. Our investigations include detail role of catalyst in the transformation of
hexagonal base layer to cubic BN film. The effect of deposition parameters in the synthesis of
BN nanostructures is describes in detail. This work has been published in Journal of Applied
Physics Letters and Physics Scripta.

At the end, Chapter 7 summarizes the key contributions of this research towards the
field of nanotechnology and it also presents the potential of 2D BNNSs for future research
directions. As a whole, this dissertation describes classes of novel experiments on nanosystems
and provides experimental framework of carrying out such detailed measurements in 2D layered

materials.
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Chapter 2

Synthesis and Characterization Techniques

This chapter is divided in to two major sections; first section describes synthesis
techniques with the brief overview of the limitations and second section defines characterization
techniques used in present study. A physical explanation along with detail description of newly
installed CO,-PLD system used to synthesize large area BNNSs is also provided in this chapter.
2.1 Introduction

Over the past several years, consider efforts have been placed on the synthesis of BN
nanostructures and thin films using different synthesis routes e.g. chemical vapor deposition
(CVD) method, split furnace tube method, sputtering technique, and laser ablation [1-3]. BN is
one of the most interesting non-oxide materials with a bright future in advance material design.
This material has great potential for the applications in high performance electronic devices,
insulating nanotubular shields, hydrogen storage media, gas absorbents, and reinforcing agents.
Like in the case of carbon, different types of BN nanostructures have been produced: For
example, Cho et al. [4] prepared BN nano-tubes, Bernard et al. [5] synthesize and characterized
nano-particles and fullerenes and very recently, zZhi et al. [6] and Lin et al. [7,8] prepared
exfoliated graphene like boron nitride nanosheets, and these inorganic sheets were utilized to
improve thermal and mechanical properties of the polymeric composites. Meyer et al. [9]
synthesized single-layer hexagonal boron nitride (hnBN) and reported atomic resolution imaging.
Furthermore, boron nitride polymers have been proposed as new building blocks for electronic

devices. Based upon quantum-mechanical simulations, BN can be formulated to tune electronic

39



properties. Such materials would be much cheaper than conventional semiconductors reported by
Cote et al. [10].
The detail description of theses synthesis techniques are following.

2.2 Chemical Vapor Deposition Method

Chemical vapor deposition (CVD) is a technique used to produce high-performance solid
materials [11]. This technique is often used in the semiconductor industry to produce thin films.
The process in this technique comprise the adsorption and reaction of the educts i.e. precursor
molecules on the surface where a new material shall grow. The process often involves the
cracking or decomposition of the precursor molecules and a partial release of products into the
gas phase which react and/or decompose on the substrate surface to produce the desired deposit.
Frequently, volatile by-products are also produced, which are removed by gas flow through the
reaction chamber. BN single layers have been synthesized on Ru(0001) and Pt(111) surfaces by
CVD of benzene like borazine (HBNH)3 [12]. The process comprises the hydrogen abstraction
from the borazine molecules, the assembly of hexagonal boron nitride and the desorption of H2
gas. The BN growth rate drops after the formation of the first layer by several orders of
magnitude. This has the practical benefit that it is easy to prepare few layers BNNSs.
2.3 Sputtering Technique

Sputtering is a physical process where atoms in a solid target material are ejected into the gas
phase due to bombardment of the material surface by energetic ions [13-15]. Sputtering process
is driven by momentum exchange between the energetic ions and atoms in the material, due to
collisions as shown in Fig. 2.5. The number of atoms ejected from the target surface per incident
ion is called the sputter yield, which is an important parameter of the efficiency of the sputtering

process [16] . The sputter yield depends on the energy of the incident ions, mass of the ions and
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target atoms, and binding energy of atoms in the solid target. To discharge the plasma on the
target surface, DC (direct current) and RF (radio frequency) alternating current can be used
respectively [16-18]. In order to control the plasma properties (ion /electron density) to achieve
the optimum sputtering conditions, a variety of techniques are used including magnetic fields and

a bias voltage to the target.

4 Cathode(--) Cooling

————
/%
‘ Sputtered

G target atoms
e @ [ |\
Artions
Substrate
IIlSputtering Anode(+) |I| Vacuum
gas Heating pump

Figure 2.1 Schematic of the sputtering process for nano-materials deposition.

Sputter coating is a cold process whereby atoms are liberated from a target by ion
impacts. The atoms are cool, consequently no thermally induced damage results. Sputtering is a
microscopic process involving clouds of atoms, as opposed to the "spray” of relatively large
macroscopic clumps of evaporated materials used in evaporative coating. As a result the
uniformity and thickness of the coatings are easily controlled. In general, the quality and
repeatability obtained by sputter coating are superior to that obtained through evaporative means
[19].
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In most of the above techniques used for BNNSs growth, growth rate was low even
deposition time was long enough and material produced would unavoidably yield impurities in
the samples. To achieve high growth rate, these synthesis techniques carries out at very high
temperature (1100 °C to 2700 °C) and high pressure that ultimately cause several defects in the
samples. For industrial and fundamental practical applications; it is necessary to grow high
quality materials on large scale. So far it is a challenging task to fabricate high purity mass
product nanostructures and thin films on large scale. Therefore, to increase growth rate and
achieve high vyield of nanomaterial, it was necessary to develop higher power laser plasma
deposition system. In our laboratory, we installed CO2-PLD system for the quick synthesis of
large area nanostructures and thin films. The growth rate in CO2-PLD increased more than 10
times. Moreover, within few minutes of the activation process, we achieved uniform deposition
of materials on entire surfaces of the substrates.

2.4  Pulsed Laser Plasma Deposition Technique

Pulsed laser deposition (PLD) has been regarded as a versatile method to grow ceramic
thin films such as BNNSs [20-22]. PLD technique seems economic and provides quick method
for the growth of BNNSS at comparatively low substrates temperature and low pressure. It is a
conceptually simple technique that generates reactive species of target material under highly
non-equilibrium conditions, which cannot be produced by any other technique. This leads the
way to the growth of the materials having unique properties, and indeed, this technique proving
to be one of the most attractive methods to synthesize high yield of thin films [23,24]. One of the
advantages of our PLD system is that it can largely avoid contamination, also because laser
installed outside the chamber; consequently, operation of laser plasma deposition is much

flexible. Here, we should also consider the critical role of carbon dioxide (CO2) in PLD system.
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The CO, laser produces radiations in the far infrared part of the spectrum. Light in this part of
the spectrum generally produces larger heating effect upon impact on the surface of target
material. It ablates target material and produce plasma plume composed of high energy ions and
reactive species of the material to be deposited. The geometry of plasma plume is cylindrical or
spherical, depends on the deposition environment inside the deposition chamber, and it is highly
forward directed towards the substrates. This plasma plume can reach on the substrates surface
and deposits mass products nanostructures and thin films. Finally, growth rate of the samples
increases enormously.

In our previous report, Feng et al. [24] synthesize various nanomaterials of carbon and
carbon related materials using ArF Lambda Physics 1000 plasma deposition technique.
However, due to low power density of ArF Lambda excimer laser, it was difficult to increase the
growth rate to obtain mass product nanostructures and thin films. This deficiency has been
removed after installing CO2-PLD system in our laboratory.

2.5 Installation of CO2-Pulsed Laser Plasma Deposition System

We installed and up-graded a CO,-pulsed laser plasma deposition (CO,-PLD) system and
used it for the quick synthesis of various BN nanostructures and nanosheets. Each part of CO,-
PLD system such as focusing of laser beam onto the target surface, sample holder, shutter,
heater, type of the gas and gas flow rate can be easily control independently to fit different
experimental conditions. After installation of the system, a series of experiments were conducted
using h-BN target. SEM images showed that entire surface (2x2 cm?) of the substrate is covered
with the conical and disk shape BN nanostructures; indicating a significantly short time approach

to grow large scale material.
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2.5.1 Experimental Parameters

Different experimental parameters were set to install CO2-PLD system. Figure 2.2a

shows the photograph of the system. Figure 2.2b shows the inside view of the deposition

chamber where different equipment are installed. The dimensions of the deposition chamber and

deposition mechanism are well integrated in the schematic diagram shown in Fig. 2.2c. Figure

2.2d shows plasma plume formed with a single short pulse. The detail of the equipment and

parameters fitted are listed as followed.

1.

2.

Heater and thermocouple for controlling temperature.

2D adjustable substrate holder with multi clamps that can hold 3-6 different substrates
at the same time.

3D adjustable target holder together with the motor for controlling rotational velocity
of target, direction and location. The distance between the target and the substrate
holder is flexible than can be adjusted from 2 cm to 8 cm for controlling plasma
density on surface of substrates that determines the growth rate.

Shutter for blocking the plasma beam or impurities.

3 gas inlets and controllers for controlling types of gasses and gas pressure.

Long focal length lens was selected so that we can install the lens outside the
chamber in order to avoid it from plasma contamination. It is also noted that with
longer focal lens, laser would produce a plasma beam with smaller spread angle.

High power rotary pump and turbo molecular pump for controlling vacuum down to
107 Torr.

Various power supplies.

3 vacuum gauges used for detecting different range of vacuum in the chamber.
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10. Several optical windows installed to monitor deposition process.

BNMNSs Depos
Chamber

Substrate

\lmtcr

Figure 2.2 (a) photograph of the CO,-PLD installed in our laboratory, b) inside view of
deposition chamber, c) schematic illustration of the deposition mechanism, and d)
photograph of plasma plume formed in our CO,-PLD system.
25.1.1 Substrate to Target Distance
Most of the experiments were performed with the target to substrate distance ranging
from 2 cm to 5 cm. The longer or shorter distance could be desire based on the fact that the
deposition with laser plasma consists of two processes, ionic deposition and molecular
deposition. If longer distance will be selected, it might possible that boron and nitrogen ions

recombine into molecule before reaching to the substrate surface that will affect the

boron/nitrogen (B/N) ratio in the samples. Therefore, for stoichiometric nanostructure growth
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process, short distance is required for atomic deposition so that B/N ratio could be 1 or near to
1. Meanwhile, to control the growth rate and achieve large areas of the coated films, longer
distance could be desired. For the case of higher beam energy, larger distance between
substrates and target is necessary so that the high energy plasma ions would not destroy the
surface of the initially grown layers or nanostructures. This fact also been reported by Noorhana
et al. [25]. Considering all above parameters into account, we optimized the substrate to target
distance 3 cm. It was noticed that tip of cylindrical plasma plume was lying directly onto the
surface of the substrates. In such way, uniform and optimized depositions could be possible.
2.5.1.2 Angle of Incidence
The laser incidence angle related to the target surface is an important parameter. When

laser interact the target surface, it generates plasma plume perpendicular to target surface. The
substrates should directly face the target surface in order to get maximum yield. Therefore, the
laser incident angle ‘6” with respect to the target plane was set at 45 degree. If the angle will be
too small, the size and the location of the spot will be difficult to control. In contrast, if the angle
is too large, the substrate holder will be an obstruction.

2.5.1.3 Substrate Holder

The new design of the substrate holder can easily hold multi substrates. The manner in

which the substrates were held and their location and orientation relative to the target were
important parameters in the CO,-PLD system. We designed locally the substrate holder based on
ceramic cup. The base of the substrate holder was of molybdenum plate which screwed four
metal clamps to hold the substrates in vertical position directly facing the target. The purpose of
the number of clamps was to place different materials as substrates at the same time to study the

substrate material effect on nanostructure growth rate under the same experimental conditions.
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When the laser ablates the target, the evaporants eject highly forward directed plume along the
target normal. Therefore, the substrate must be held directly opposite to the target. Aluminum
plate was also inserted to cover the base port of the chamber (where turbo pump was installed).
The plate protects the turbo pump from any kind of contamination or piece fall down from the
substrate holder, target or from the chamber.

During the deposition process, the evaporants from the target moves to all surfaces with
in the chamber including the direction of laser window. The material deposited on the window
will interact with the laser beam resulting permanently damage to the window. Therefore, we
adjusted the window to target distance up to 25 cm such that the material reach to the window is
to be greatly reduced.

Target was installed to easily access within the chamber so that mounting and
demounting should be as simple as possible. To get uniform and large area deposition of the
sample, a motor was connected to the target holder to rotate the target during deposition. In this
manner, plasma plume produced on the surface of the target also rotates with the target and
covers entire substrate surface. Two special lenses were arranged; one for focusing purpose and
other was used as CO, laser window so that the laser pulses hit the target accurately.

2.6 Crystalline Structure Analysis

The crystalline structure of the samples was analyzed by Raman spectroscopy using triple
monochromator with an excitation wavelength of 514 nm (Ar® ion Laser). The microscope
focused the laser beam onto the surface of samples. Raman spectrum recorded from all BN
samples deposited on different substrates identified Raman active E;y mode related to hexagonal
or c-BN approximately at 1365 cm™, indicates dominating hexagonal phase in BN nanostructure

[28-30]. Almost similar trend in the peak profile is observed from Si substrate. The extremely
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narrow Raman active E; peak probably suggests that the obtained sample has less defect
concentrations. Compared with a traditional CVD method that in most cases yields high level of
impurity inside the samples, the present plasma pulse beam deposition technique could produce
high purity of BN nanostructures. No carbon and other impurities were detected.

2.7 Other Characterization Techniques (SEM, TEM, AFM, Raman, FT-IR, XRD, XPS,
SAED)

This section provides the description of the nanosheets and nanostructures
characterization techniques used in this study to analyze the as-grown samples. The development
of an overall understanding of bonding nature and physical nature of the nanosheets required
several independent sources of data. Each of the characterization technique provides a mean by
which an overall picture could be acquired. For example, in current research, different
characterization techniques have been used to examine the properties of BNNSs and their
crystalline structure. To obtain the sample’s morphology information, the electron microscopic
characterization techniques have been employed. Scanning electron microscopy (SEM) has been
used to inspect surface morphology of the nanosheets. Atomic force microscope (AFM) has been
employed to reveal the detail surface information such as the roughness, the high resolution
morphology and so on. AFM can easily map out both the surface detail as well as the 3-D profile
of the sample; therefore the residual resist can be estimated by observing the samples’s top-down
image and cross-section profile. The material properties of the nanosheets and nanostructures
have been studied using transmission electron microscope (TEM), electron energy loss
spectroscopy (EELS), selected area electron diffraction (SAED), x-ray energy dispersive
spectroscopy (EDS), Raman spectroscopy and x-ray photoelectron spectroscopy (XPS) in this

thesis. TEM is an important means for high resolution materials analysis and often equipped with
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EELS and SAED capabilities. The detail crystalline structure of nanosheets, specially the grain
structure and grain boundaries have been investigated by HRTEM and SAED. The crystalline
structures of BNNSs were analyzed by Raman spectroscopy using triple monochromator (ISA J-
Y Model T64000) with an excitation wavelength of 514 nm (Ar" ion Laser). The microscope
focused the laser beam onto the surface of samples. Raman scattering is the powerful, semi-
quantitative method to examine the structure at global level. The sp® gnd sp® are very sensitive to
Raman scattering; by analyzing the Raman spectra, the diamond signature can be easily
identified. In typical Raman spectrum of BNNSs, a clear Raman active E;g mode of the BN film
at ~ 1365 cm™ was identified throughout the measurements, indicting the hexagonal phase
dominates in BNNSs. Compared with a traditional CVD method that in some cases yields
impure samples, the obtained sample via pulsed plasma beam technique could produce high
purity of atomic layer BN materials.
2.8 Additional Related Techniques and Experiments

Besides these techniques that are mentioned above, the electron field emission (EFE)
measurements, cathodoluminescence measurements have been conducted in thesis work.
2.8.1 Optical and Electrical Characterization Techniques for BNNSs

Optical characterization of BNNSs was done by measuring cathodoluminescence (CL)
spectra. In a typical CL experiment, samples were mounted on the cold finger of a closed-cycled
helium refrigerator operating down to 6 K. The CL was generated by the Staib Instruments, Inc.
electron gun EK-20-R system being in common vacuum (of 1x10 Torr) with the cryostat. The
electron beam was incident upon the sample at a 45° angle from an electron gun. The CL depth
of the excitation could be easily varied by varying the electron acceleration voltage between 500

eV up to 20 keV. Samples were excited with an electron acceleration voltage of 6 keV and
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current density of 1.2 pA/mm? The resulting CL spectra were dispersed by a 0.3 m Acton
spectrograph and analyzed by a Princeton Instrument PI-MAX CCD camera equipped with UV
intensifier, operating in the spectral region 190-950 nm.
2.8.1.1 Cathodoluminience Spectroscopy

Cathodoluminescence is an optical and electromagnetic phenomenon in which electrons
impacting on a luminescent material such as a phosphor, cause the emission of photons which
may have wavelengths in the visible spectrum. A familiar example is the generation of light by
an electron beam scanning the phosphor-coated inner surface of the screen of a television that
uses a cathode ray tube. Cathodoluminescence is the inverse of the photoelectric effect in which
electron emission is induced by irradiation with photons. The block diagram of the process is

shown in Fig. 2.3.

Incident Electron Beam

Secondary ~ Auger
UV IR and visible electronsy  electrons

cathodoluminescence

Back-scattered
electrons

Sample Excited Volume

Figure 2.3  Schematic diagram of the cathodoluminescence process.
Cathodoluminescence occurs because the impingement of a high energy electron beam
onto a semiconductor will result in the promotion of electrons from the valence band into the

conduction band, leaving behind a hole. When an electron and a hole recombine, it is possible
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for a photon to be emitted. The energy (color) of the photon, and the probability that a photon
and not a phonon will be emitted, depends on the material, its purity, and its defect state. In this
case, the "semiconductor” examined can, in fact, be almost any non-metallic material. In terms of
band structure, classical semiconductors, insulators, ceramics, gemstones, minerals, and glasses
can be treated the same way.
2.8.1.2 Field Emission Characterization

The energy required to extract an electron from the Fermi level E; of a neutral solid to a
rest position in the vacuum not too far away from the surface is termed the work function, and is
usually given in electron volts (eV) [26,27]. The work function has values 2-5 eV for metals and
id different for different materials arises from two effects. The first, or inner potential, is the
intrinsic partial free energy of "solution” of electrons in the metal and is the difference between
the chemical potential (Fermi level) of the electron in the metal and that at a very large distance
from it in a field free vacuum. The second component arises from electrostatic effects due to
spill-out of electrons at the surface and decays slowly with distance. This spill-out causes an
electron deficiency on the metal side of the solid-vacuum interface and gives rise to a condenser
or dipole layer, with the negative end outermost. If the surface is rough there is a second spill-
over in addition with electrons owing into the concave portions of steps and produces an
opposite dipol with the positive end outward. The surface structure is therefore responsible for
the crystallographic anisotropy in ¢. Similar efects can occur for adsorbed molecules on the
surface. In thermionic emission and photoemission electrons are given sufficient energy to
overcome the potential step of at the surface of a solid. In field emission (FE) on the other hand,
the step is deformed into a potential barrier so that the unexcited electrons can leak or tunnel out

it. This situation is depicted in Fig. 2.4 [28].
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Figure 2.4 lllustration of field electron emission from a tip.

When a field E is applied to the surface, electrons close to the Fermi level E will see a
barrier height and thickness d= ¢ /eE (to a rst approximation). If this is thin (2 nm) enough, the
electrons of the conducting material will have a finite probability of tunneling. However the
electrons do not terminate sharply at the interface so the triangular potential barrier is only a first
approximation to the shape of V(x) at the surface. Besides the potential V(x) near the surface is
decreased by an image term 1/(4 ) e /4x which lowers the effective potential barrier. The typical
distribution of the field emitted electrons as a function of the normal energy is indicated in Fig.
2.4. The intensity of the FE electrons is higher close to E as a result of the increased thickness of
the barrier for energies below Ez.

2.9  Conclusions

In summary, CO,-PLD system was successfully installed for the quick synthesis of high

purity mass product nanostructures and thin films. The best vacuum of the system achieved

down to 107 Torr, and substrate temperature was controlled up to (1£10%)x1000 °C.
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CHAPTER 3

Synthesis and Electron Microscopic Characterization of BNNSs

So far, significant theoretical and experimental efforts have been made to synthesize 1-
dimensional (1D) and 2D and 3D atomic structures of BN material; e.g. BN nanostubes,
nanoribbons (BNNRs) [1], mono-layer BN nanosheets [2-4], and c-BN thin films [5]. The
interest in growing large area 2D mono-layer or few-layers BNNSs is at the forefront of material
science research due to the fact that BNNSs has potential to graphene in some applications.
However, growing quality BNNSs consisting of only several atomic layers remains a challenge.
In this chapter, we report on the synthesis of large scale single crystal and polycrystalline BNNSs
and their electron microscopic characterizations.

3.1  Experimental Method to Obtain Single Crystal and Polycrystalline BNNSs

To obtain single crystal and polycrystalline nanosheets, we set specific experimental
parameters in the present experiment. A pyrolytic hexagonal boron nitride target irradiated using
a CO; laser beam operated at 10.6 pum wavelength, pulse width of 1 ps to 5 us, frequency of 5
Hz and energy of 5 Joules per pulse. The laser beam was focused onto the target with a 30 cm
focal length ZnSe lens and incident angle 45 degrees relative to the surface of the rotating target
(about 200 rpm). The power density of the laser on the target was controlled at 2x10% W/cm2 per
pulse. The first experiment was conducted in low vacuum (0.20 Pa) and the second experiment
was conducted in H, environment (26 Pa). The other experimental parameters (substrate
temperature, substrate to target distance, substrates material and laser power) were kept identical

in each experiment. Three materials were used as substrates: aluminum nitride (AIN), silicon (Si)
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and molybdenum (Mo). Prior to the deposition, Mo disks were polished with diamond paste and
cleaned with acetone and rinsed with deionized water. The commercial Si and AIN wafers were
cleaned with acetone. For each experiment, the set of three different substrates (AIN, Si, Mo)
was placed in the chamber at once. The distance between the substrates and the target was fixed
at 3 cm. The substrates were heated upto 350 °C and the deposition process was carried out for
10 minutes. The first set of three samples (S; with AIN, S, with Si and Sz with Mo) was prepared
in vacuum and the second set of three samples (S4 with AIN, Ss with Si and Sg with Mo) was
prepared in H, atmosphere. The description of the sample codes and experimental parameters are

given in Table I.

Table I. Summary of the experimental conditions under which the CO,-PLD was carried

out.
Sample Preparation Conditions
ID Substrate Material Deposition atmosphere  Pressure (Pa)
S1 AIN Vacuum 0.2
Sz Si Vacuum 0.2
S3 Mo Vacuum 0.2
Sy AIN Hydrogen 26
Ss Si Hydrogen 26
Se Mo Hydrogen 26

3.2  Effect of Deposition Environment in the Synthesis of BNNSs

In PLD technique, deposition environment plays a critical role in the synthesis of
BNNSs. In order to analyze effect of deposition environment in the synthesis, morphology and
crystallization of BNNSs, we performed different experiments in low vacuum and H;

atmosphere. The deposition performed in vacuum at a pressure of 0.2 Pa, from which we
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obtained polycrystalline BNNSs, and in H, atmosphere at a pressure of 26 Pa, we obtained
single-crystal BNNSs. The presence of H, seems to minimize the side effects of sputtering and
the material shows higher purity and better crystallinity. It is obvious that during ablation
process, large amount of high energy ions and clusters generate in highly forward direction as
shown in Fig. 3.1a. These ions and clusters can directly interact with the substrate surface and
damage the substrate surface or initially grown nanosheets. This mostly happens when the
deposition is performed in vacuum as shown in Fig. 3.1a. However, in the present study, we
minimized the side effects of sputtering using background gas as deposition environment as
shown in photograph Fig. 3.1b. The laser induced plasma ions and heavy clusters, first passed
through the collisions with the background gas molecules, eliminated or lost their energy,

consequently, high quality atomically thin BNNSs were obtained.

Figure 3.1  Synthesis of BNNSs at different atmosphere, (a) in vacuum, (b) in H,
respectively.

Generally, for an ion impacting to surface to do damage to that surface it must have

incident energy large enough to displace surface atoms and cause an irreversible change to the
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lattice. The change of the lattice is usually termed as radiation damage. If the incident energy is
not large enough, the energy of the ions transfer to surface through collision with the surface
atom dissipated as heat through excitation of lattice phonons. This collision process is known as
knock on momentum transfer. Because the ion does not follow the line of least resistance
through the solid after impact, and because atoms in the lattice neighboring the displaced atom
do not have time to relax out of the way of the displacing atom the ion energy has to be several
time larger than the sublimation energy in order to displace surface atom. Therefore the
displacement of the atoms creates defects with in the lattice.

The synthesis process carried out in vacuum, laser produced high-energy plasma ions
interact directly with the substrates surfaces which possibly knock out atoms from initially
deposited layers resulting in atomic defects in BNNSs. While, synthesis in H; environment,
collision or interaction of plasma ions with H, gas molecules are taken in to account from which
two possible results would be raised, 1) sputtering effect would be greatly reduced because
collision would moderate particles energy in plasma beam, 2) due to collisions and plasma ions
and electron impact ionization of H, gas, H* ions created and their interaction would help to etch
the oxygen from the substrates surfaces. This explains the drastically diminution of oxygen
impurities within BNNSs. Consequently, the obtained samples have much less oxygen content;
as a result atomic defect free nanosheets could be obtained. A similar effect of hydrogen etching
was reported for the formation of defects free carbon nanosheets produced by radio frequency
plasma enhanced CVD [6]. Ben Moussa et al. [7] also used pure hydrogen plasma before the
deposition process to remove possible oxygen residuals in the deposition chamber to grow pure
2D nanowall structures. Based on obtained experimental data and above discussion, we can

conclude that synthesis in H, environment could yield high-quality BNNSs.
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3.3 Results

As synthesized BNNSs were surveyed using X-ray diffraction (Siemens- Bruker
Diffractometer D5000) and examined using SEM and TEM. The SEM images were recorded
using a JEOL JSM-7500F equipped with a transmission electron detector (TED). TEM data were
recorded using a Carl Zeiss LEO 922 EFTEM and a JEOL JEM-2200FS HRTEM. Nanosheets
were also characterized using a Raman spectrometer (triple monochromator: ISA J-Y Model
T64000) and a Fourier transform infrared spectrometer (FT-IR: Bruker Tensor 27).
3.3.1 Electron Microscopic Results

Figure 3.2 show two SEM images recorded from samples S; (prepared in vacuum) and S,
(prepared in H). The image of sample S; is shown in Fig. 3.2 (a), whereas a sample S, is shown
in Fig. 3.2 (b). In each case, the entire surface of the substrates was covered with a large amount
of BN flakes. The BN flakes of sample S; were bended, curled and sometimes were flat as
marked with arrows shown in Fig. 3.2 (a). In contrast, sample S; (Fig. 3.2 (b)) seemed to have
most BN flakes flat. Moreover, the edges of the samples are usually bended and curled making it
difficult to determine their accurate thicknesses using SEM micrographs. SEM images recorded

from other four samples also show similar contrast in morphologies.

Figure 3.2 SEM images recorded from samples (a) S; and (b) Sa.

59



3.3.2 TEM and SAED Results

TEM images recorded from the samples S; and S, are shown in Fig. 3.3 (a,b). Both
samples (S; synthesized in vacuum and S, synthesized in H, environment) show that BN flakes
are composed of several BNNSs. These nanosheets have a layered structure. Sample S, is mainly
composed of flat BNNSs that are transparent to electron beam (Fig. 3.3 b). The insets in Fig. 3.3
(a,b) show the corresponding electron diffraction (ED) patterns. They are single-crystalline or
polycrystalline and both were indexed to the h-BN structure. The ED of sample S; shows five
diffraction rings indexed to {002}, {100}, {101}, {004} and {110} planes (Fig. 3.3 a). The
pattern of sample S, is indexed to h-BN with the zone axis along the [-1 1 -1] direction (Fig.
3.3b). High resolution TEM (HRTEM) studies were conducted to further identify the
morphology, crystallinity and phase of the as-synthesized BN nanosheets. A bright field HRTEM
image recorded from a thin BNNSs cluster prepared in H, environment is shown in Fig. 3.3c.
The inset is a Fast Fourier Transform (FFT) of this same image, also indexed to h-BN structure.
The hexagonal honeycomb structure of six membered Bs-N3 hexagons is easily identifiable. The
measured B-N distance was 0.14 nm, which is in good agreement with the value reported in
literature [8]. The lattice is easily interpretable only when the BNNSs are oriented exactly
perpendicular to the electron beam. The B-N distance measured was shorter than the point
resolution of the microscope (0.19 nm for the JEM-2200FS when fitted with an ultra-high
resolution pole piece) but remained interpretable. The average spacing between each BNNS was
measured to 0.340 + 0.02 nm, corresponding to the (002) interplanar distance of h-BN (0.330
nm). Also the thicknesses of numerous BNNSs clusters were measured using several HRTEM
images as shown in Fig. 3.3 (d,e). A similar method has been used previously for the

measurement of average thickness of BNNSs clusters [9] . The image (Fig. 3.3 e) also shows a
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thin BNNSs cluster of four stacked layers with 1.7 nm thickness. The statistical results obtained
from the measurements of more than 50 BNNSs are displayed in the two histograms shown in
Fig. 3.3 (f,g). The average values were estimated around 3.0 nm (representing less than 10
BNNSs) for samples prepared in H, and around 5.0 nm for samples prepared in vacuum,

respectively. Using a hydrogen environment for the synthesis of BNNSs therefore tends to

produce thinner clusters.
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Figure 3.3 TEM images of BNNSs recorded from sample S; (a) and sample S4 (b). The
insets show electron diffraction patterns, indexed to h-BN. A HRTEM image recorded
from a BNNSs of sample S, is shown in (c) where the hexagonal structure is clearly
visible: the inset is a FFT also indexed to h-BN. Using HRTEM images for synthesized
samples in vacuum (d) and hydrogen (e) atmospheres, the thicknesses of the BNNSs
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clusters were measured and the statistical results are displayed in (f, vacuum) and (g,
hydrogen).

3.3.3 XRD Results

XRD were recorded from all six samples and the results are shown in Fig. 3.4: samples S;
and S4 (a), samples S, and Ss (b) and samples S; and Sg (¢). The black lines represent the spectra
recorded from BNNSs grown in vacuum and the red ones correspond to the spectra of BNNSs
prepared in H; environment. A high intensity peak centered at 20 ~ 26.9° was present in all
XRD, identified to h-BN (002) phase [10-12]. However, for samples grown in H, atmosphere,
the h-BN (002) peaks were more intense suggesting better crystallinity. The XRD pattern also
contains (100) and (101) peaks indicating the presence of different phases of h-BN as identified
in ED patterns. A peak positioned at 20 ~ 27.8° is also identified. This is related to B,O3 content

present in the BNNSs. The other high intensity peaks in the spectra belong to the AIN substrates.
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Figure 3.4 A comparison of XRD patterns recorded from BNNSs (a) S; and Sy, (b) Ss
and Sy, (¢) Sg and Ss.

3.3.4 Raman Results
The results obtained from Raman spectroscopy are presented in Fig. 3.5(a-c). A Raman
active Epg mode at approximately 1365 cm™ corresponding to h-BN [13-15] could be identified

in all samples. However, h-BN peaks were more intense for samples grown in the H, atmosphere
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as evidenced from XRD patterns. The results obtained from Raman spectroscopy are in good
agreement with XRD measurements. Therefore, we concluded that the deposition environment

has a significant effect on the crystalline structure of BNNSs.
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Figure 3.5 A comparison of Raman spectra recorded from samples (a) S4 and Sy, (b) Ss
and S, (¢) Sg and Ss.

3.3.5 FT-IR Results

The typical FT-IR spectra of BNNSs recorded in attenuated total reflectance (ATR) in the
transmission mode are shown in Fig. 3.6 (a-c). Samples grown in H, atmosphere showed a sharp
absorption peak at 1365 cm™ which can be ascribed to the E;, (B-N stretching vibration mode
perpendicular to the c-axis) modes of h-BN [16,17]. However, FT-IR spectra from the samples
grown in vacuum showed a broad band in the range 1370-1440 cm™ associated with in-plane Ey,
B-N bond stretching vibration in h-BN phase which is similar to the results obtained from
polycrystalline h-BN by Yu et al. [18]. A strong absorption peak positioned at ~1190 cm™
related to B,-O3; deformation mode [19] is identified in the vacuum samples indicating high B,-
O3 content in the samples. It might be possible that the peak broadening of h-BN, as we noticed
in vacuum samples is due to stress induced by subsequent B,-O3 contents in BNNSs. The peak of

B,-O3 deformation mode appeared with less intensity in H, samples, indicating that the BNNSs
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are relatively well crystallized, which may be a result of the etching effect of H* ions in the gas

phase.
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Figure 3.6 A comparison of FT-IR spectra of BNNSs (a) S;and Sy, (b) Sz and Ss (c) S3
and Se.
3.3.6 EDS Results

Energy dispersive X-ray spectroscopy (EDS) of selected BNNSs prepared on Si substrate
is presented in Fig. 3.7. EDS shows that nanosheets are mainly composed of B and N species. A

small amount of oxygen is also detected that could possibly come from air to the surface of

nanosheets [20].
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Figure 3.7 EDS spectrum of BNNSs.
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3.3.7 XPS Analysis of BNNSs

X-ray photoelectron spectroscopy (XPS) study of each BNNSs sample prepared in
vacuum and in H2 atmosphere is studied independently. Results are shown in Fig. 3.8 in which B
1s and N 1s peaks are clearly observed. As it is clear, the binding energy for B in BNNSs is at
190 eV, while binding energy of N is at 398.1 eV respectively, clearly indicating the elemental
composition mostly composed of or totally based on B and respective N elements. Binding of N
in BN = 398.1 eV. Besides B and N, additional peaks related to C, O, comes from atmosphere
while Si and Mo peaks belong to the substrates. For example peaks at 101eV belong to Si 2p
(actual position is at 99eV) and at 153eV belong to Si 2s (actual position is at 151eV). Similarly,
peak at 232eV belong to Mo 3d3/2 actual position is at 231eV and peak at 1064eV belong to Mo

auger lines (MNV) actual position is at 1066eV. Peak of Mo 3d5/2 at is not observed in addition

to 3d3/2 [21].
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Figure 3.8 XPS spectra of BNNSs samples prepared in Vacuum (Si/V, Mo/V, AIN/V)
and H, (Si/H, Mo/H, AIN/H) environment respectively.
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XPS which is a quantitative spectroscopic technique for surface characterization was also
conducted to investigate the composition of BN membranes before and after plasma treatment.
The XPS spectra of the hydrogen plasma-treated BNNSs are presented in Figure 3.8 (b—c). The
hydrogen plasma-treated h-BN membranes present a B 1s-core level at 190.6 eV and the N 1s
peak is located at 398.2 eV, which is close to the reported position of h-BN [22]. However, the
plasma-treated h-BN show broader features than pure h-BN membranes. On the basis of the
literature, [22-24] the N 1s and B 1s core of hydrogen plasma-treated h-BN membrane was
deconvoluted into two components, shown in Fig. 3.8 (b—c).

3.3.8 Mechanism for the Formation of BNNSs

The formation of BNNSs depends on the dynamics of laser-produced plasma beam, the
pressure of the background atmosphere in the chamber, density of plasma species, self-induced
electric field inside the plasma, the Kinetics of plasma species, the temperature of the substrates,
collisions between the active species of BN, the deposition time and other growth conditions
such as the distance between the target and the substrates, and the angle of the substrate with
plasma beam. Normally, nanosheets grow along the direction where the epitaxial energy of BN
species is minimized. Taking these parameters into account, a tentative interpretation of the
mechanisms for the formation of BNNSs is following. When the laser beam impacts the target
surface, it generates a plasma plume out of the target surface directed toward the surfaces of the
substrates. This plasma plume is composed of high-energy BN ions and clusters. These ions and
clusters land onto the substrates, the extra thermal activation besides substrates heating provides
energy exchange through collisions between the active ions and clusters of BN [25-26]. As a
result, B and N ions make covalent bonds and arrange themself in a honeycomb network of

alternative B3-N3 hexagonal rings. For further growth process, incoming B and N ions also attach
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covalently with the side facet of the B3-Nj3 ring, consequently a 2D orderly repeating pattern of
hexagonal rings extends parallel to the substrates surface. Therefore, during first few seconds of
the deposition, BN layer grows parallel to the substrate surface unless the edge of BN nanosheet
bends and a new layer starts growing on the top of initially deposited layer and so on. The
multiple sets of small BN layers grow that coalesce and form finite BN nanosheets. Previously, a
mechanism has been proposed for the growth of BNNSs using CVD method [27]. However, our
technique for the synthesis of BNNSs using PLD is someway different from that of CVD. The
plasma plume might contribute in the growth process of nanosheets by providing high
concentration of activated BN species and producing strong electric field which may enhance the
field-induced surface species migration that helps B and N ions to make covalent bonds [28].
The detailed growth mechanism of BNNSs needs further to be investigated.

It should be mentioned that the synthesis of BNNSs in the normal vacuum condition, the
surface of the sample may be contaminated because of the large amount of particles (molecules)
from residual gas will collide with the surface, and parts of them will be deposited on the sheets.
In order to largely reduce impurities, the growth rate of sheet should be higher. In the present
case of synthesis, the growth rate is much faster than that of the reported growth rate for CVD.
Yu et al. conducted 180 min of CVD but he was not able to find any BNNSs at the first 30
minutes of deposition [29]. In our case, few seconds of deposition yielded BNNSs fully covering
entire surfaces of substrates indicating high growth rate. Moreover, we noticed from HRTEM
images that the obtained nanosheets are mostly defects free although the formation of BNNSs is
particularly sensitive to the side effects of sputtering as well as the presence of oxide content on

the surface of the substrates.
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3.3.9 Vertically Aligned BNNSs

An SEM image recorded from the surface of a sample is shown in Fig. 3.9 (a). Entire
substrate surface was covered with the large number of feather-like BNNSs with mixed vertical
and horizontal orientations with respect to the substrate. The alignment of the BNNSs is possibly
induced by the electrical field generated in plasma sheath [30]. Area size of BNNSs upto
100x100 um? and thickness ~1um were estimated from an arbitrarily selected vertically standing
BNNSs (Fig. 3.9 (b)). Figure 3.9 (b) shows close view of BNNS indicating compact disk-like
morphology where each disk is further composed of several ultra-thin layers of BN nanosheets.
These layers are highly flat and transparent to the electron beam; however, at the same time the
vertically aligned BNNSs are more clearly visible. The general interpretation of the deposition
mechanism is already provided in previous section. This process helps to grow the small BN
layers that coalesce and transform into horizontally and vertically aligned BNNSs. However, the
process of horizontal and vertical growth of the nanosheets is random. In the case of vertical
BNNSs, a planar growth stage can be observed in which the base layer is flat and parallel to the
substrate [14]. After the development of sufficient force onto the grain boundaries the leading
edge of the top layer curled upward, that is an intrinsic property of 2D structure [31], and the
vertical growth of the BNNSs begins. On the other hand, it could also be possible that BN
species diffuse towards the surface of initially growing layer instead of the edge of the layers due
to weak Van der Wall forces connecting them to the substrate. We believe that the high thermal
mobility of the synthesized BNNS accelerates diffusion of adsorbed B and N atoms along the
surface towards the edges of the nanosheets and covalently bond them with the BNNSs edge
atoms. Consequently, the nanosheets start growing horizontally rather than vertically. So far,

SEM measurements were not enough to collect the sufficient information of the geometrical
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alignment of nanosheets. Therefore, we used AFM to collect 3-Dimentional image from the
surface of sample and result is presented in Fig. 3.9 (c). The surface texture clearly indicates
large number of BN nanosheets. These sheets are highly flat and vertically aligned on the
substrate surface; distributed in layer by layer and suspended in parallel to each other. Such
suspending geometry of the nanosheets can yields substantial improvement in device quality; and
impose better device architecture and functionality. Some part of the sample was composed on
conical shape with sharp tip on top; that can enhance the emission of charge even at low applied

field.

Figure 3.9 (a,b) SEM images of horizontally and partially vertically alligned BNNSs. (c)
AFM micrographs; indicating vertically alligned BNNSs. Scalar bars are shown on images.

3.4  Conclusions

In summary, a material assembly of a few atomic layers of BNNSs was synthesized using
CO,-PLD technique. Digitally controlled pulse deposition techniques produced fast, large-size
BNNSs. Two conclusions can be made from the present experiments: 1) the substrate
temperature of 300 °C is the critical point in synthesis of high-quality BNNSs. Single crystalline

BNNS would be not possibly synthesized at too low temperature; and 2) because of scattering,
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effect of temperature on the resistivity/conductivity of 3D bulk materials or thick films is
inevitable.

The deposition environment played an important role in obtaining single crystal and
polycrystalline of BNNSs. The size, shape, thickness, density, and alignment of the BNNSs were
well-controlled by appropriately changing the growth conditions. The synthesis in H;
environment minimized the side effects of sputtering; consequently atomic defects-free, few
atomic layer BNNSs were achieved. The thicknesses of obtained BNNSs were observed 1.5 nm
that can further be reduced down to single atomic layer by carefully optimizing the deposition
parameters. HRTEM, electron diffraction, XRD, and Raman spectroscopy clearly interprets
hexagonal crystalline structure in the nanosheets. XPS identified dominating B and N elements
in synthesized BNNSs. Sometimes BNNSs were observed with mixed geometrical shape e.g.
horizontal and partially vertical alignment under appropriate synthesis conditions. Though
BNNSs are wide band-gap semiconductor and they were barely reported as field emission
candidate; the vertically aligned BNNSs could possible emit enough charge as the edges of

BNNSs are very sharp.
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Chapter 4

Nanoscale Structure Study of BNNSs

In this chapter, we report on nanoscale structures of as synthesized BNNSs based on
electron microscopic characterization. The nanosheets were surveyed using scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and high resolution TEM
(HRTEM) microscopy. SEM images were recorded using a JEOL JSM-7500F, also equipped
with a transmission electron detector (TED). TEM data were recorded using a Carl Zeiss LEO
922 EFTEM and a JEOL JEM-2200FS high resolution TEM (HRTEM). Raman spectroscopy
and examined using
4.1 Layered Structure Characterization of BNNSs by TEM

For layered structure characterization, we collected part of as synthesized BNNSs
samples and analyzed them applying TEM. Electron microscopic images of layered BNNSs are
presented in Fig. 4.1 (a-c). SEM image (Fig. 4.1 (a)) indicates large area, highly flat BN
nanosheets. The area of an individual BNNS can be estimated easily form SEM image and it is
even greater than 50x50 pm?. Corresponding TEM images of BNNSs are presented in Fig. 4.1(b-
d). TEM data shows several multilayer nanosheets (Fig. 4.1 (b)). In order to interpret the
structure and number of layers in nanosheets, we selected a piece of an individual nanosheet as
shown in Fig. 4.1 (b) and focused electron beam onto its edge. Three layers can be identified as
shown in Fig. 4.1 (c). Continuing to magnify the TEM image, the highly ordered layer structure
become obvious, where seven layers can be distinguished (Fig. 4.1 (d)). Such morphology

clearly shows that each nanosheet is composed of several layers depends on the thickness of
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nanosheet. So far, at this stage it was difficult to predict the accurate thickness and actual number
of layers in a single nanosheet due to limited resolution of TEM. In order to identify crystalline
structure more precisely and to report the correct number of layers, HRTEM measurements were
required. Selected area electron diffraction (ED) pattern represents complicated pattern of several
diffraction rings coming from various over-layer structures of BNNSs representing the
polycrystalline structure of nanosheets (Fig. 4.1 (e)). Meanwhile, with the careful observation,

one can distinguish bright dots displaying hexagonal patterns.

Figure 4.1 Electron microscopic images of BNNSs, (a) SEM, (b) TEM, (c,d) magnified
TEM images of the edge of nanosheet. () ED pattern of BNNSs. The scalar bars are
shown on the image.
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4.2 Nanoscale Structure Analysis of BNNSs

In order to further analyze the nanoscale structure within the nanosheets, we selected
different samples randomly and recorded HRTEM images as shown in Fig. 4.2 (a-d). A bright
field HRTEM image recorded from the center of a thin BNNSs cluster shows honeycomb crystal
lattice structure of six membered B3-N3 hexagons. The width between each two consecutive B or
N atoms is around 0.22 nm as shown in the magnified image in Fig. 4.2 (a). The ratio between
the B and N atoms is nearly unit. No carbon and other impurities were detected. We observed the
wrinkle in nanosheets possibly caused by perturbation induced by scratching of the BNNSs from
the sample to a template for HRTEM measurement. Figure 4.2 (b) shows a HRTEM image of
several BNNSs with different orientations. From this image, we selected two different areas as
marked with white and black box in the image and magnified them to understand the variation of
the nanoscale structure from center (marked with K1) to the edge of nanosheet (marked with K2)
as shown in Fig. 4.2 (c) and Fig. 4.2 (d), respectively. Considering the area K1 (in Fig. 4.2 (c)),
one can see that the distance between two bright lines is around 0.22 nm as observed in Fig. 2a.
It is theoretically well known and experimentally verified that 0.22 nm corresponds to the
distance between two consecutive B or N atoms within the surface of a BN nanosheet. On the
other hand the area K2 shows that the distance between two bright lines is around 0.35 nm and
indicating the distance between two consecutive layers on the edge of a nanosheet. Similar
observation was made analyzing the area shown in Fig. 4.2 (d) where the width between two
bright lines is 0.22 nm and is the same for entire selected area (i.e. it indicates the surface of
underneath BN nanosheet). The HRTEM image obtained from the edge of nanosheet relates to
atomic multilayer structures, whereas the center area of nanosheet is composed of B and N atoms

arranged in periodic honeycomb crystal lattice structures. Moreover, groups of the bright lines
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selected from two different nanosheets (marked as K1 area in Fig. 4.2 (c) and Fig. 4.2 (d) are
perfectly matched with each other. This provides an evidence of very high nanoscale crystalline

structure of each BN nanosheet regardless of their orientation.

i\

Figure 4.2 (a-d) HRTEM images of nanoscale structured BNNSs.

4.2.1 Monolayer BNNS

In our current development in the synthesis process, we successfully isolated single layer
BNNS from as synthesized BNNSs samples. An example is shown below in Fig. 4.3. In order to
analyze crystalline structure of BNNSs precisely, a single ultrathin boron nitride sheet is
collected from the sample for further structural characterizations. HRTEM microscope equipped
with an imaging aberration corrector, operated at 200 kV to directly characterize the crystalline
structures of the single sheet as shown in Fig. 4.3a. The image shows densely packed honeycomb
crystal lattice structure of six-membered Bs-N3; hexagon probably belongs to a single or few
atomic layer BNNSs [1-3]. In further magnifying image (Fig. 4.3b), Bs-N3 rings or two-
dimensional benzene-like structures can be identified clearly. No other atomic layers or atoms
are visible below B3-N3 rings indicating single layer BNNS. The shortest distance between the N

and B atoms is estimated around 0.145 nm along the (100) lattice direction that is consistent with
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the reported value for h-BN layer [4,5]. Within each layer of h-BN, B and N atoms are bound
strongly by covalent bonds, whereas the atomic layers are held together by weak van der Waals
forces

No defects from the BNNSs are detected (Fig. 4.3 (b)), though we operated the
microscope at 200 keV, from which we could conclude that short pulse laser technique can be
used to synthesize high quality, defects free BNNSs. It should be mentioned here that previously
reported data shows that the high-energy (>80 keV) electron beam operated in TEM would
damage atomic-layer of BNNSs [6-9]. The knock-on damage threshold for B atoms and N atoms
in BN nanotubes are reported only 74 keV and 84 keV, respectively [10]. However, in the
present work, the sheet was imaged for a very short time with reduced illumination that
efficiently avoids any possibility of the knock-on damage of boron and nitrogen atoms within
BN sheets. To date there is no report on the solution of the damage problem during atomic-thin

film characterization with HRTEM with electron beam energy above 150 keV.

Figure 4.3 (a) Experimentally obtained single layer BNNS, (b) magnified HRTEM
image.
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4.2.2 SAED and FFT Pattern of Monolayer BNNS

SAED and Fast Fourier Transform (FFT) pattern of the corresponding sample (Fig. 4.3),
also indexed to h-BN structure (Fig. 4.4). The pattern of same sample was indexed to h-BN with
the zone axis along the [-1 1 -1] direction (Fig. 4.4 (a,b)). Bright spots arranged in a typical
hexagonal honeycomb structure of six membered B3-N3 hexagons were easily identifiable.
A series of diffraction spots arranged in typical hexagonal pattern indicated a single crystalline
structure of synthesized BNNSs [11,12]. This is in good agreement with the data obtained from

HRTEM and Raman spectral measurements of BNNSs samples.

Figure 4.4 (a) SAED and (b) FFT pattern of BNNSs; clearly identifying hexagonal
structure.

4.2.3 Nanoscale Structure of Single BNNS

In order to carry on further investigations on nanoscale structures of BNNSs, we
collected different sample and HRTEM measurements were conducted. This time, we selected
different areas of BNNS to analyze more precisely the variation of crystalline structure at

nanoscale level. Slight aberrations at different locations of HRTEM image of BNNSs have been
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identified. Fig. 4.5 (a) shows HRTEM image of BNNS of the area 40x40 nm? Since slight
aberrations, HRTEM images of other areas appear slightly different structures such as, honey
comb crystal lattice structure (Fig. 4.5 (b)) rectangular block arrays (Fig. 4.5 (c)) or bright dot
arrays (Fig. 4.5 (d)). In the area marked with “K”, ones even can see fringe type of structures that
are comparable to the image shown in Fig. 4.2 (a). Therefore, the observed nanosheet is related

to multi-structures.

Figure 4.5 (a-d) HRTEM images of BNNSs with slight aberrations at different locations.
4.2.4 Thickness of Single BNNS

Thickness of the nanosheets plays a critical role in practical devices technology. It is
difficult to analyze accurate thickness of entire synthesized BNNSs sample because of the
random orientation of nanosheets. However, thickness of an individual nanosheet can be
identified by carefully imaging of the film edge and counting the number of layers. We collected

two different BNNSs samples and results are shown in Fig. 4.6(a,b) where multilayers were
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examined. The image shows a single BNNS consists of four to five stacked layers with 1.5 nm in

thickness. Figure 4.6 also shows few nanometer thick BNNS.

Figure 4.6 (a,b) HRTEM images of the edge of BNNSs indicating few layer thickness.

4.2.5 Thickness of Multilayer BNNSs

In the previous section (Fig. 4.6) we estimated thickness of an individual BNNS. In this
section we will continue our effort to estimate thickness of multilayer BNNSs. It is difficult to
analyze accurate thickness of synthesized BNNSs film because of the random orientation of
nanosheets. However, thickness of an individual nanosheet can be identified by carefully
imaging of the film edge and counting the number of layers as presented in previous section (Fig.
4.6). Figure 4.7 (a) shows TEM of a single nanosheet while Fig. 4.7 (b,c) shows two or more
nanosheets simultaneously. TEM images show that most of the as-grown BN nanosheets are
more than one atomic layer thick. This is confirmed by focusing TEM microscope on the edge of
a nanosheet. We believe that a single BN nanosheet consists of approximately 30 layers which
correspond to the total thickness of 10 nm (Fig. 3 (d)). The individual BN layers within the

nanosheets assembly are perfectly overlapped as indicated by observed the spherical dots on the
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edge of nanosheets. This, in our judgment, confirms that synthesized BNNSs are highly-ordered
structures with good crystalline orientation. Figure 4.7e shows a single nanosheet consisting of
10 layers and overall thickness of 3.3 nm. Figure 4.7 (f) shows several nanosheets having

different orientation directions and composed of different number of BN layers.

Znm

Figure 4.7 Morphology of atomic BNNSs. (a-c) TEM images of the surface of a single-,
double-, and multi- BN sheets. (d-f) HRTEM images of the edge of the nanosheets. Scale
bars are shown on the images.

4.2.6 Wrinkles in BNNSs
Fringe structures were also observed from the surface of BNNSs but obviously it was

rather related to the sheet wrinkle than to the stacked atomic layers. Generally wrinkles forms

due to 2D nature of the sheets [13-15]. In order to identify and understand their differences,

TEM images of surface of a single BNNS with different magnifications are presented in Fig. 4.8

(a-d). Because the BNNSs were simply scratched off from the sample and then transferred to the
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grids for TEM studies of the nanoscale morphology, such procedure possibly leads to a wrinkle
of the sheet as shown in Fig. 4.8 (a). With large magnifications, one can find that the wrinkle

actually consists of a large amount of tiny fringes (Fig. 4.8 (b-d)).

Figure 4.8 (a-d) HRTEM images of BNNSs with different magnifications.

Generally understanding is that these fringe structures due to the wrinkle should be
random but in fact, it still appeared partially ordered fringe pattern as shown in Fig. 4.8 (b-d), the
space/width between the two fringes remains nearly constant, around 0.37 nm that is slightly
larger than that the thickness of the single atomic layer.

4.2.7 Knock on Damage in BNNSs

It should be mentioned that because the obtained atomic layer BNNSs are composed of
few atomic layer thin, they are easily damaged by high-energy electron beam during TEM
measurements. During the TEM measurement, high current density beam (ca. 1x108 e-/(s-nm?))
was shined on the sample, as result sputtering of BNNSs was observed. Holes “grew”
predominantly within a given layer, while the adjacent next layer remains stable for a sufficient
amount of time. Using this method, one can reduce few layers nanosheets down to single layer.
However, in the present case, our priority was to avoid any damage in nanosheets through high

energy electron beam.

82



Fig. 4.9 (a,b) show the dynamics where the beam damage has just started to form small
holes, locally reducing the thickness. After some more irradiation, some “holes” can be found
within the irradiated regions (Fig. 4.9 (c,d)). Since the product of such “holes” was observed in
real time, the process could easily be stopped by switching off the electron beam after formation
of the first hole or potentially at the first vacancy through the entire sheet. Figure 4.8 (b) shows
the edge of the atomic BNNSs. The vacancy defect “holes” appeared at the edge area caused by

TEM beam sputtering.

Figure 4.9 Morphology change in atomic BNNSs during TEM measurement (a) before
and (b) after beam. Time between the images is 8 s. Also visible in the sequence is the
generation of vacancies within the single-layer BNNS membrane. (c-d) Topological
defects are incorporated during this edge reconstruction. On the other edge of the same
hole, atoms are removed by the electron beam. Scale bars shown on the images are 1 nm.

In the present case, though we operated the TEM at 200 kV, we mitigated the appearance

of defects due to knock-on damage by examining the materials as quickly as possible with
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reduced illumination. The knock-on damage threshold of B and N atoms in BN sheets is slightly
lower than that of carbon atoms in graphene sheets. The threshold for B atoms and N atoms in
BN nanotubes were calculated to be 74 kV and 84 kV, respectively [5]. Scanning TEM images
recorded using the TED at 30 kV in the SEM provide ample contrast for examining the samples
while avoiding the introduction of potential defects. An example is provided with two images

shown in Fig. 4.10 (a,b).

Figure 4.10 Scanning TEM images recorded from BNNSs at 30 kV using TED (in the
SEM) for the samples (a) S; and (b) Sq4, respectively.

4.4  Conclusions

In summary, mono layer and few atomic layer BNNSs were synthesized and their
nanoscale structures were studied using electron microscope at high resolution. Nanoscale
BNNSs structures showed that each sheet is composed of several layers, perfectly packed with
honeycomb network of B and N atoms similar to C-C atoms in graphene. From monolayer
BNNSs, B and N atoms were identified at eye resolution. The distance (0.145 nm) between two
consecutive B and N atoms was estimated by Image J method. This distance is almost equal to
C-C atoms in graphene (0.142 nm). At this point we observed that BNNSs were rightly called

white graphene.
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Chapter 5

Applications of BNNSs

New applications using 2D sheets obtained from bulk layered materials are very
promising for nano-electronic devices as evidenced from graphene. BNNSs are one example of
those 2D nanomaterials that have been used to fabricate nanoelectronic devices. This chapter
highlights our approach from synthesis to device applications of BNNSs in three different areas
e.g. Schottky diode, DUV photo-detector, and resistance based gas sensor.

5.1  Electronic Applications

In current research, BNNSs have been used for the development of prototype Schottky
diode. One of main challenges in the fabrication of diode device was possible gaps which exist
between two consecutive sheets shown in Fig. 5.1 (a). From electron microscopic measurements,
we observed that the size of a single continuous piece of BNNS is not enough to locate electronic
connections on it in order to record measurements.

This would unavoidably result in serious contact or short cut problems between the over
layer metal at the top of BNNSs and the metal layer at the bottom for BNNSs/metal based
device. In our research, we overcome this challenge to slightly increase thickness of deposited
sample where a certain number of BNNSs heavily overlapped one another (as shown in Fig.
5.1b) and possibly avoided gaps or contact problems. Therefore, around 200 nm thick sample
consists of many overlapped BNNSs that covers entire substrate surface and it was easy to

fabricate electronic connections on top of BNNSs/metal substrate.
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Figure 5.1 (a) Schematic illustration of BNNSs segment with a large amount of gaps over
substrate, (b) heavily overlapped BNNSs.

5.1.1 Development of BNNSs-Based Prototype Schottky Diode

Much attention paid in the fabrication of BNNSs-based Schottky diode. Two types of
junction: pure BNNSs/metal and doped-BNNSs/metal, have been fabricated and tested. The
fabricated device is shown in block diagram (Fig. 5.2). As, the entire surface of substrate was
covered with randomly oriented BNNSs, we setup electrodes on the surface of BNNSs/Mo
substrate by electronic soldering method. For the precise measurements of current versus voltage
(I-V) characteristics, set-up is connected with a Keithley 6517A electrometer in order to

characterize electronic properties of BNNSs.

Electrodes Ceramic
BNNS/Mo
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Figure 5.2 Block diagram of the device prepared to analyze the characteristics of
BNNSs-based Schottky diode.

5.1.2 1-V Characteristics of Carbon Doped BNNSs-Based Schottky Diode

So far, doping is a most feasible method to reconstruct the energy band-gap and produce
the Schottky contact between the BNNSs and the metal surface. The doping process is completed
by exposing nanosheets via cold plasma [1,2]. A low-pressure (10 Pa) CH4 was used with dc
plasma ignited between two electrodes. The samples were kept 5 cm away from the discharge
zone to minimize any possible damage by energetic ions. The doped BNNSs were placed back to
the device in order to analyze I-V characteristics of Schottky diode. The dopant atoms
incorporate into the BNNSs that could possibly lead to the formation of different By-Cy-N,
layered structure and improve the electronic and semiconducting properties of the material [3].
Theoretical and experimental investigations indicated that Bx-C,-N, mixed phases are typical p-
type semiconductors [4]. Moreover, the size of the active region between the BNNSs and the
metal substrate is probably in the order of few nanometers. At such small size, addition of a
single atom can drastically change the device behavior. I-V characteristics of BNNSs/metal
junction recorded at room temperature are shown in Fig. 5.3. These characteristics are identical

to that of typical PN junction diode characteristics.

The curve shown in Fig. 5.3 appear typical diodic behaviors: its tendency to conduct
electric current in only one direction. Normally, the curve can be divided into four areas. At very
large reverse bias, beyond the breakdown voltage (-73V), a process called reverse breakdown
occurs that causes a large increase in current that usually damages the diode permanently. Here it
should be mentioned that because the thickness of membrane of the BNNSs is less than 10 nm,

experimental data indicate that the breakdown of electric field value is up to 7.3 x10" V/cm.

88



These characteristics are directly attributing the outstanding properties of BNNSs as a material
for electronic applications. The second region, at reverse biases has only a very small reverse
saturation current. In the reverse bias region for a normal P-N junction diode, the current
through the device is very low (in few YA ranges). The third region is forward with forward bias
voltage less than 45V, where only a small forward current is conducted. As the potential
difference is increased up to or above V4 = 45V (forward voltage drop), the diode current
becomes appreciable, and the diode presents a very low resistance.
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Figure 5.3 I-V characteristics of BNNSs-based Schottky diode at room temperature.
5.1.3 Effect of Temperature in the I-V Characteristics of Schottky Diode

Current versus voltage (I-V) characteristics for the case of pure BNNSs/metal junction at
different temperatures (25 °C, 50 °C, and 75 °C) are recorded as shown in Fig. 5.4a. Generally,
high temperature would cause a decrease in the resistance of BNNSs, resulting in an increase of
electric current at the certain voltage. At a fixed temperature, current increased almost linearly
with the applied voltage (Fig. 5.4a). This indicates that the active region between the pure

BNNSs and metal substrate has no Schottky contact. In order to produce Schottky contact
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between the BNNSs and metal substrate, we doped BNNSs with carbon atoms. I-V
characteristics of Schottky diode based on doped BNNSs at 25 °C and 75 °C are presented in Fig.
5b. It seems that variation of temperature does not obviously affect forward current by much.

However at sufficiently high temperatures, a substantial amount of current can be observed.
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Figure 5.4 Effect of temperature on I-V characteristics of Schottky diode based on (a)
un-doped BNNSs, (b) doped BNNSs.

5.2  Hydrogen Plasma Modification in BNNSs

We also studied energy bandgap modification of rippled BNNSs by hydrogen plasma
modification. Dramatic changes have been observed in transport properties in BNNSs, as
evidenced by electrical measurements [5]. Considering BNNSs a wide bandgap material, a
special measurement setup was made to ensure the electrical signal in the detectable range,
which is shown in Fig. 5.5 (a). A mesh type copper pad, which serves as electrode, was used to
contact to the BNNSs for the purpose of facilitating plasma treatment. The effective resistance
between the two electrodes is only from BNNSs, which means the electron will vertically go
through nanosheets when the voltage is applied between electrodes. It should be mentioned that

the electrical signal from the in-plane BNNSs is out of our detectable range.
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Typical changes induced by the hydrogen plasma treatment in electronic properties of
nanosheets are illustrated in Fig. 5.5. Before plasma exposure, the contact resistance of
nanosheets was about 1.8 M ohm. As a reference, nanosheets were exposed to pure Ar plasma.
The nanosheets only showed very little change in their resistance. This behavior significantly
changed after sheets were treated with atomic hydrogen plasma, which exhibits a strong time
dependence of its resistivity during hydrogen plasma treatment. The resistance of nanosheets
decreased by 38%, as shown in Fig. 5.5 (a). It typically required 250 s of plasma treatment to
reach the saturation in measured characteristics, showing that nanosheets were processed with
hydrogen plasma step by step.

Fig. 5.5 (b) show the logarithm of the electric conductivity versus the reciprocal
temperature at hydrogen plasma treatment 0, 60, 120, 180, and 250 s, respectively. Namely, the
cumulative electrical conduction (o) of a semiconducting substance is determined by the
following equation [6]:

6 = 6oT ¥ exp(—E¢/2kT) + 6 ', exp(—AE/KT) (1)
where AE is the ionization energy of the impurity level, k the Boltzmann’s constant, while ¢ and
o' are constants. The two terms in the eq 1 correspond to the intrinsic and extrinsic conduction
mechanism, respectively. The impurity and or the defect content affects the concentration of
carriers, which is determined by the intrinsic properties of the pure semiconductor crystal [7]. In
the intrinsic region, the temperature dependence of the conductivity is dominated by an
exponential factor;

o < exp(—Ey/2KgT) (2
Therefore, the plot of log ¢ versus 1/T gives a straight line in the intrinsic region, and the

magnitude of the slope gives the energy gap [8]. The inset in Fig. 5.5 (b) shows the band-gaps of
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h-BN membranes processed at 0, 60, 120, 180, and 250 s, respectively. Following the time, the
band-gaps of h-BN membranes decreased from ~5.6 eV at 0 s to 4.25 eV at 250 s, which is a

signature of transition from insulating to semiconductive regime.
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Figure 5.5 (a) In situ measurement of resistance of the BNNSs with hydrogen plasma
treatment as a function of time. Inset: illustration of the setup for measuring the electronic
properties of BNNSs. (b) Logarithm of the electric conductivity of BNNSs plotted
against the reciprocal temperature during hydrogen plasma treatment. The scale bars in
the inset of a are 5 pum.

5.2.1 1-V Characteristics of Surface Modified BNNSs

Figure 5.6 shows the I-V characteristics of the hydrogen plasma-treated BNNSs as a
function of applied voltage. They have exhibited nonlinear behavior at room temperature after
plasma treatment. The nonlinearity of the [V curves in this system is probably due to the dipole

formation at the interface, perturbation of the nanosheets beneath the metal, reaction of the metal
92



or BNNSs with unwanted impurities at the interface [9-12]. The level of nonlinearity varies with
temperature, and the curves become practically linear at 200 °C, which is probably caused by the
desorption of hydrogen atoms at higher temperature, leading to recover of nanosheets. The inset
shows the I-V characteristics of untreated nanosheets, all of which have linear behaviors and

little change can be observed with increasing temperature.

| (WA)

Voltage (V)

Figure 5.6 I-V characteristics of a hydrogen plasma-treated h-BN membranes measured
at room temperature, 100 °C and 200 °C, respectively. Inset: Temperature dependence of
the -V characteristics before plasma. From bottom to top: T =200 °C, 100 °C, and room
temperature.

5.2.2 Sideways and Top Down Measurements of I-V Characteristics
Electrical characterizations of BNNSs were also conducted in two different orientations

of BNNSs e.g. side-ways and from top-down. These 1-V properties of BNNSs based on

measurements through a HP - Agilent 6268B Power Supply, a keithley 6517A electrical meter,
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and a HEWLETT 34401A electrical meter controlled by Labview program. Each data point in
the I-V curves is the average of 8 measurements in order to reduce error in measurements.
Current-voltage curves of BNNSs are shown in Fig. 5.7. Using a wire mode for resistance
R=pl/A where the | is the wire length, and the A is its cross-sectional area, we can calculate the
resistivity o (the constant of proportionality) of BNNSs. Experimental data measured from
transversal direction (top-down) as shown in Fig. 5.7 (a) indicates that the obtained resistance is
5.6x10™ Q (one thousand electrical voltages yield 0.18x10”" amp current) for 2 um thickness of
BNNSs. Because the distance between the two electrodes is 0.5 mm, the cross-sectional area of
the BN membrane is 2 pm x 5 mm, the resistivity is then estimated around p=1.1x10° Qm. In
contract for 30 nm thick BNNSs, we have the resistance of 1.2x10* Q (one thousand electrical
voltages yield 0.0825x10° amp current) where the area of the cross section is 30 nmx 5 mm,
from which the resistivity is estimated around p=3.6x10® Qm. Both data are in good agreement
with each other. Similar resistivity value can also be obtained from the data of 600nm of BNNSs.

The experimental data measured in longitudinal direction as shown in Fig. 5.7b, the
obtained resistance is 5x10° Q (four electrical voltages yield 0.72x10° amp electrical current) for
7 um thick BNNSs. Since the area of cross section of the membrane is around 5x5 mm?, the
resistivity is obtained around. p=8.4x10° Qm. Based on these resistivity data above, one may
expect that 30 nm thin BNNSs should have the resistance value around 1.7x10* Q but the actual
resistance of the 30 nm thin BNNSs is only 1.1 Ohm (one electrical voltage yields 0.9 amp
electrical current as seen in Fig. 5.7 (b)). Because the cross-sectional area is still 5x5 mm?, the
resistivity is then obtained around p=4.2x10? Qm. It is believed that spatially non-uniform the
membrane would not possibly cause such big difference above. Large differences of the
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resistivity / conductivity coefficients probably indicated that the BNNSs with different thickness
would have very different scattering mechanisms or there is a special electrical channel such as

quantum tunneling existed in the super thin BNNSs that affect their conductivity coefficients.
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Figure 5.7 Typical I-V properties of different thickness of BNNSs characterized from (a)
longitudinal and (b) transversal directions. Th: thickness, I: electrical current; and R: resistance
of the samples.
5.2.3 1-V Measurements of BNNSs/ Mo and BNNSs/AIN

I-V characteristics of BNNSs/Mo and BNNSs/AIN were also recorded based on a HP -
Agilent 6268B Power Supply, a keithley 6517A electrical meter, and a HEWLETT 34401A
electrical meter controlled by Labview program. This time the experimental set up used is shown
in Fig. 5.8 (a) and (b) where two types of substrates: metal molybdenum (Mo) and ceramic AIN
wafer were used, respectively. Each data point in the I-V curves is the average of 8
measurements taken 1 second apart in order to reduce error in measurements. Current-voltage
curves of 7 um and 30 nm thick BNNSs respectively, on Mo substrate are shown in Fig. 5.8al
and Fig. 5.8a2. Different thickness of the samples would result in different 1-V characteristics.
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Experimental data (al and a2) obtained from setup (Fig. 5.8a) indicates that 233 times of the
decrease of BNNSs membrane in the thickness (from 7 pm to 30 nm) result in ~105 times of the
increase of electrical current. Spatially non-uniform the membrane would make some
contribution to the phenomenon above but it is not expected that would cause ~105 of difference.
Tentative interpretation is that the increases of the current is due to quantum tunneling effect that
usually occurs in the case of super think films [13,14]. There is no obvious change on the I-V

curves recorded due to temperature effect in the case of 30 nm BNNSs as shown in Fig. 5.8a2.
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Figure 5.8 Experimental setup for characterization of electrical properties of BNNSs on
Mo (a) and AIN (b), respectively, typical 1-V properties of BNNSs with (al) membrane
thickness of 7 nm and (a2) 30 nm on Mo substrates, and with membrane thickness of (b1)
2 nm and (b2) 30 nm on AIN substrates at different temperature.

5.2.4 Resistivity Calculations

Using a simple wire mode for resistance R=pl/A where the | is its length, and the A is its
cross-sectional area; we can estimate the resistivity p (the constant of proportionality) of BNNSs.
From Fig. 5.8al, the obtained resistance is 4x10° Q (ten electrical voltages yield 2.5x10° amp
electrical current) at room temperature. Since the thickness of the BN membrane is 7 um and the
area of the cross section is around 5x5 mm?, the resistivity can be estimated around. p=7.1x10°
Qm. From Fig. 5.8a2, it is found that the resistance of the BNNSs is only 1 Ohm (one electrical
voltage yields one amp electrical current as seen in Fig. 5.8a2). Because its membrane thickness
is 30 nm and the cross-sectional area is around 5x5 mm?, the resistivity can be estimated around
p=4.2x10°> Om. Large differences of the resistivity or conductivity coefficients probably

indicated that the BNNSs with different thickness would have very different mechanisms that

affect their resistances. Super thin BNNSs appear quasi-metal properties.
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Effect of temperature on I-V properties for thick BN membrane is partially discussed in
our papers [15]. However, in the present case for super thin BNNS sample, 1-V properties remain
nearly unchanged with temperature variation, indicating its stable properties.

Similar measurements are also conducted for BNNSs on ceramic substrate based on Fig.
5.8b setup. Fig. 5.8b1 shows typical |-V characteristics of the BNNSs with AIN substrate where
physical properties of individual BNNS are nearly same as that in Fig. 5.8al. This is in
agreement with the previous experimental results that the substrates do not obviously affect
properties of the synthesized BNNSs by much [16]. It is noticed slightly nonlinear relationships
between the 1-V curves appear, probably indicating that doping or surface modifications have
occurred during the deposition of electrodes on the samples. Interest is that decreasing in the
thickness down to 60 times from 2000 nm (Fig. 5.8b1) to 30nm (Fig. 5.8b2) (consequently, the
cross-sectional area decreases down to 60 times as seen in Fig. 5.8b) would yield around 200
times of decreasing of electrical current at a fixed voltage.

Experimental data (Fig. 5.8b1) from Fig. 5.8b setup indicate that the obtained resistance
is 5.6x10'° Q (one thousand electrical voltage vyields 0.18x107 amp current) at room
temperature. Because the distance between the two electrodes is 0.5 mm, the cross-sectional
area of the BN membrane is 2 umx5 mm, the resistivity is then estimated around p=1.1x10° Qm.
In contract from Fig. 5.8b2, we have the resistance of 1.2x10™ Q (one thousand electrical
voltages yield 0.0825x10™° amp current) at room temperature where the area of the cross section
is 30 nmx5 mm, from which the resistivity is estimated around p=3.6x10° Qm.

5.2.5 Effect of Temperature on |-V Characteristics of BNNSs/AIN
Effects of temperature on the electrical properties of BNNSs/AIN have also been studied.

The data from Fig. 5.8b1 and 5.8b2 clearly show that the higher the temperature, the lower the
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resistance is. This is a similar to that in the case of the thick film (Fig. 5.8al) but very different
from that shown in Fig. 5.8a2. As we known that the resistivity/conductivity of BNNSs is
actually determined by two factors: the concentration of free carriers available to conduct current
and their mobility. There are two basic types of scattering mechanisms that influence the
mobility of electrons and holes: lattice scattering and impurity scattering. Lattice vibrations
cause the change of mobility with increasing temperature. However, the mobility of the carriers
in a semiconductor is also influenced by the presence of charged impurities. Impurity scattering
is caused by crystal defects such as ionized impurities. At lower temperatures, carriers move
more slowly, so there is more time for them to interact with charged impurities. As a result, when
the temperature decreases, impurity scattering increases and the mobility decreases. This is just
the opposite of the effect of lattice scattering. The total mobility then is the sum of the lattice-
scattering mobility and the impurity-scattering mobility. Therefore, effect from scattering always
exists at any 3D bulk material or thick films (Fig. 5.8 al). As a result, effect of temperature on
the resistivity/conductivity of material can be easily identified.
5.2.6 Effects of Temperatures on Resistivity of BNNSs of Different Thickness

The effect of temperature on the resistivity of BNNSs of different thickness is presented
in Fig. 5.9. In the 2D case, effect of temperature on the resistivity/conductivity depends on the
direction of observation. Vibration and mobility caused by thermal energy in 2D only occur in
the horizontal/transversal direction. If electrical current were directed to vertical/longitudinal
direction as shown in Fig. 5.8a, scattering caused by temperature would not seriously affect
electrical currents (Fig. 5.8 a2). Consequently, 1-V curves would remain unchanged with the
increase of the temperature. In contrast in the case with Fig. 5.8b experimental setup where the

electrical current is directed in the horizontal/transversal direction, scattering caused by
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temperature would unavoidably affect the electrical current, resulting it the variation of the

resistivity/conductivity of the BNNSs as shown in Fig. 5.8b1 and 5.8b2.
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Figure 5.9 Effects of temperatures on resistivity of different thickness (all) and (a21) of
BNNSs characterized using setup (Fig. 5.8a), and (all) and (a21) by using setup (Fig.
5.8b), respectively.
5.3  Optical Measurements of BNNSs
5.3.1 Cathodoluminescence Spectroscopy of BNNSs
To investigate optical properties of synthesized BNNSs, which are indicative of the
material quality needed for developing a prototype DUV photo-detector device,
cathodoluminescence (CL) was conducted at different temperatures. An example of the room
temperature CL spectrum observed for studied BNNSs samples is shown in Fig. 5.10. The CL
spectrum is dominated by an intense UV luminescence band peaking at 226.9 nm with a shoulder
on the lower energy wing at ~233 nm and the featureless low intensity emission background at
longer wavelengths. The comparison between normalized CL spectra measured with increased
spectral resolution from 200 nm to 290 nm at 12 K and 300 K, respectively, is shown in the inset
of Fig. 5.10. It is seen that the CL spectrum measured at 12 K shows several peaks located at

~215 nm, 220 nm, 222.6 nm, 226.5 nm and 233 nm, respectively. In reported here CL

experiments the electrons beam diameter was ~ 1 mm? and probed/excited simultaneously
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multiple BNNSs having distinct substrate-h-BN hetero-boundary conditions. As demonstrated by
XRD [15] and Raman spectroscopy results, we believe, that studied BNNSs, in overall, are
highly homogenous; however retain certain degree of inhomogeneity typical for nanoscale
materials. Thus the observer CL spectra convolve spectral features of all individual BNNSs
visualized with statistical probability reflecting the overall sample morphology. Tentatively, we
assign the highest energy peak seen in CL spectrum at 215 nm to the strain free h-BN free
exciton luminescence. Other CL peaks between 220 nm and 240 nm could be assigned, subject
to further investigation, to excitons bound by impurities or defects, or a phonon replica of free
exciton luminescence bands [17]. The deep UV CL band shape changes with increased
temperature, the observed spectral features became less resolved, due to inhomogeneous
broadening; however the peaks positions do not change significantly. Furthermore, the room
temperature CL spectrum shows a broad band emission tail between 260 nm to 280 nm probably
attributable to vacancies or residual stresses produced in different layers of the nanosheets [18].
However, at this time we cannot completely rule out that the shape of observed deep UV CL
spectrum is also affected by the different morphologies of BN nano-material. Recently Watanabe
et al. [19] investigated the low temperature CL of free standing h-BN single crystals grown by
high temperature - high pressure method. Interestingly enough they reported on the observation
of the CL spectra change caused by plastic deformation of free standing h-BN crystal. The
evolution of the CL spectra exhibited red-shift of the strongest excitonic peak position from 215
nm to 227 nm at 300 K [19]. It was proposed that this effect is due to the exciton localized
around glided planes lowering luminescence energy under applied pressure induced by the weak
coupling between the h-BN sp? layers as compared to that between B and N within a layer. Our

BNNSs samples were synthesized on metal substrate and hence the h-BN is subjected to the
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strain developed at substrate-h-BN hetero-boundary. Thus, we believe that majority of studied
BNNSs are subjected to hetero-boundary strain whereas some of BNNSs are less plastically
deformed (e.g. different orientation of BNNSs with respect to substrate). It was reported by
Watanabe et al. [20] that the layered structure of h-BN could favor the self-trapped exciton
formation because of stacking disorder. Two competing processes following the excitation were
considered. In the first one the excited state lowers its energy by inducing a local distortion
resulting in a self-trapped exciton formation. In the second process, the excited state lowers its
energy by transfer from one site to a neighbor site forming so-called free exciton. Generally, low
coordination number of atoms in the crystalline h-BN lattice favors a formation of self-trapped
exciton [21]. The BNNSs are made of two dimensional well separated layers in which each atom
is covalently bound to three neighbor ones. This low coordination number supports further the
preferential formation of self-trapped exciton in BNNSs. Consequently, the observed CL spectra
are dominated by a self-trapped exciton peak (in other words a red-shifted free exciton peak) at
~227 nm in studied temperature range whereas the free exciton peak of BNNSs subjected to

reduced strain or strain-free is observed at ~215 nm in agreement with literature [19].
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Figure 5.10 CL spectrum of BNNSs excited by electron accelerated with 6 keV at 300 K.

Inset shows comparison between normalized deep UV CL spectra of BNNSs measured at

12 K (a) and 300 K (b). Vertical arrows indicate excitonic recombination peaks and a

deep level related emission band centered at 270 nm, respectively.
5.3.2 Fabrication of DUV Photo Detector

Development and assessment of prototype DUV detectors have been conducted by many
groups in the past [19, 22-24]; however most of the results reported in literature considered bulk
BN crystals and their optical properties studied using CL spectroscopy at room temperature. In
this work, we support the CL results obtained for as synthesized BNNSs by developing a
prototype DUV photodetector and demonstrating its performance in detecting UV photons across
deep UV region. Figure 5.11 shows an experimental apparatus used to characterize a BNNSs-
based semiconductor/metal-junction DUV photo detector device through the 4-pin electrodes
approach. In typical experiment the BNNSs/Mo substrate is connected in series through a 4-pin
electrodes head to a precise resistor, power-supply and a Keithley electrometer, respectively

(Fig. 5.11a). Figure 5.11b shows the enlarged image of the 4-pins electrode probe head prior

connecting to the surface of BNNSs sample. Figure 5.11b shows the schematic diagram of the
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circuit used for testing DUV devices. The device response was investigated under different UV
lights radiation keeping DUV detector bias conditions unchanged. Different pen-ray deep UV
lamps emitting at 254 nm, 302 nm, and 365 nm wavelengths, respectively have been used with
photon flux intensity ~2 mW/cm? on the surface of the test detector. The area of DUV detector
exposed to UV irradiation was typicallyl0 mm?. Figure 6d shows responses of the typical DUV
detector to pulsed UV light stimulus. A rapid increase in the output electrical current is observed
for irradiation with 254 nm indicating good initial-characteristic of the device in deep UV
spectral range. Multiple BNNSs-based DUV-photo detector prototypes were fabricated and
tested for repeatability and on-off switching performance under these conditions without any
indication of failure of potential degradation. When the BNNSs-based DUV-photo detector was
exposed to UVB (302 nm) and UVA (365 nm) radiation keep all other parameters the same as

for UVC light no output signal from the detector was detected
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Figure 5.11 (a) A photograph of the setup installed for DUV measurements. (b)
Assembly of a four-pin detector probe/system, (c) A diagram of electrical circuit used for
DUV tests, (d) Typical responses of a BNNSs-based DUV-photo detector prototype
under selected UV photos radiation.

It is clear from the response of fabricated BNNSs-based DUV-photo detector to UV
irradiation with different UV photons energy that fabricated BNNSs material is rather free from
deep mid-gap energy levels induced by impurities and/or defects absorbing 302 nm and 365 nm
photons. The room temperature CL spectrum shown in Fig. 5.11 confirms that excitation with
254 nm photons is absorbed more efficiently due to the presence of a broad band emission tail
extending up to 280 nm. Thus the photons with energy corresponding to the UVC region can be
absorbed by BN mid-gap energy states promoting electronic transition across BN forbidden gap.
It should be mentioned here that, close proximity of BNNSs and metal electrode subjected to the
strong external electric field effectively remove optically generated electrons increasing the

overall sing BNNSs-based DUV-photo detector sensitivity.

105



5.3.3 Sensitively of DUV Photo Detector

We have evaluated the sensitivity of a developed detector by exposing it’s area (~1 cm?)
to the UV light with intensity ~2 mW/cm? on the surface at room temperature. The calculated
output power is ~2 uW and the ratio between the output electrical power and the input optical
power is ~1%. We believe that these experimental parameters can be further improved by
optimization of the photo-detector fabrication process (e.g. electrical contact).
5.3.4 BNNSs/Mo and BNNSs/Si based Prototypic DUV Photo Detectors

In order to carry on research on the fabrication of DUV detectors, two different
prototypes DUV detectors were developed and tested. One is based on BNNSs/Mo junction and
other is based on BNNSs/Si junction. The schematic illustrations of the electronic setup for
prototypes DUV detectors are shown in Fig. 5.12 (a-b) where two types of substrates: metal (Mo,
Cu) substrate and ceramic (AIN and Si) were used. The copper pads act as electrodes, the
effective resistance between the two electrodes was only from the h-BN membranes that were
serially connected to an external precise resistor, a switcher, and a power supply. Four-pin
electrodes method (as explained in section 5.3.2) was modified and introduced to reduce the

accumulative effect during measurements.
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Figure 5.12 (a-c) Schematics for different electronic setup used to collect DUV data.

Pen-Ray Deep UV lamps with wavelengths of 365, 304, 254 nm, respectively, produced
by UVP, LLC were used as light sources for the characterization of prototypic BNNSs-based
DUV detectors above. Light intensity of UV lamps on the surface of the detectors was around ~2
mW/cm?. The exposed area of detector to UV light is around ~10 mm?. When the detector was
exposed to UV light, the photonic energy of the UV light is absorbed that excites the valence
electrons, resulting in its resistance variation. Detailed description of light source and light
intensity can be found in literature [25]. Preliminary results already indicated there is not
response or output when the BNNSs based DUV-photo detector is exposed to 305 nm and 365
nm or longer wavelength of light irradiation of UV light sources. Therefore in the following
experiments, the focused of experiments were just to monitor the response for UV light of
wavelength of 254 nm.
5.3.5 DUV Detector based on Thin BNNSs

Fig. 5.13 (a) shows response when the prototypic thin (340 nm prepared with 300 pulses

of plasma beam) BNNSs-based UV detector is cycled between “on” and “off” UV light source
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(wavelength of 254 nm). The outputs of the detectors appeared well repeatable. Experimental
data indicated that the response time and recover time is around 1.5 sec and 3 sec, respectively.
Actual response time and recover time should be shorter. This is because time delay for reaching
full intensity for UV lamps after switching on lamp, and florescence after switching off the lamp
would affect the measurement results. Therefore, dynamic calibration of UV detectors was
necessary. Relatively, the BNNSs/Mo based detector has poor response time and recover time.
Comparing the data shown in Fig. 5.13 (a) and in Fig. 5.13 (b), ones can easily found that the
BNNSs/Si based detector has higher sensitivity or quicker response than that of the BNNSs/Mo
based detector. The difference between the two prototypes should be related to their interfaces
between the BNNSs and substrates. Recently reported experiments/results showed there are no
obvious differences of morphologies and crystalline structures of BNNSs prepared on the
different surfaces of AIN ceramic, or Si wafer, or molybdenum substrates [16]. However, to
carefully examine the cross section of the sample, differences of interfaces between the first over
layer BNNSs and the substrates clearly visible. Three possible factors might determine the
quality of interfaces: different lattice constants, surface energies, and flatness of the surface of
the substrate. In general case, the quality of interface between the BNNSs and Si wafer is much
better than that between the BNNSs/Mo. Since the BNNSs/Si based detectors have higher
sensitivity, this indicates that the interface between the substrate and the BNNSs might dominate

in detector properties.
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Figure 5.13 Response curves for, (a) BNNSs/Si DUV detector and (b) BNNS/Mo-based DUV
detectors are cycled between “on” and “off” 254 nm UV light source. Comparison made between
the responses of the detectors based on (c) fresh BNNSs samples and (d) 6-months old BNNSs

samples.
5.3.6 DUV Detector based on Thick BNNSs

Fabrication and characterization of slightly thick (5 um prepared with 3000 pulses)
BNNSs membrane based detector is also conducted and the results are shown in Fig. 5. 13 (c)
with the same UV light source. An important stability or repetition feature is clearly visible from
the data of cycled test. Two conclusions can be made after comparison of Fig. 5.13 (a) and Fig.
5. 13 (c): 1) thin BNNSs based detector has quicker/shorter response time (1.5 sec) than that

(1.65 sec) of the thick BNNSs based detector, and 2) the thin BNNSs based detector has lower
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sensitivity (4.2%) than that (22.2%) of the thick (5 um) BNNSs based detector where the
definition of the sensitivity is made as (Imax - Imin)/(Imax + Imax) @and 1 is the output of electrical
signal from the detector. The result above clearly indicates that at the level of enough sensitivity,
super thin BNNS membrane - based detector should have quick response. No outstanding
sensitivity is possibly attributed to two facts that 1) deep UV light has deep penetration length,
and 2) tunneling effect of super thin BNNS would result in a poor conversion efficiency between
the deep UV light and the electrical signal. In order to solve this problem, multi-layer structure
has to be fabricated.

Studies of comparison of fresh sample and 6-months old BNNSs based UV detectors are
also conducted as shown in Fig. 5.13 (c) and (d) during cycled between “on” and “off” 254 nm
UV light source. As seen the average response time and the sensitivity of the detector remains
nearly unchanged, indicating BNNSs based detectors have long life, reliability, and cost-
effectiveness. In fact, BNNSs offers the best combination of resistance to oxidation, and
resistance to chemical degradation with iron-based materials. It is an excellent material with
wide band-gap semiconductor, high thermal conductivity, and very good transparency ranging
from visible to microwave spectra. BNNSs have the advantage over diamond in its resistance of
much higher temperatures in air without loss of its crystalline structure and without melting. All
these factors have encouraged many recent experimental studies on growth, characterization, and
applications of new BNNSs materials based on various techniques.

54 Gas Sensing Properties of BNNSs

Inorder to study the gas sensing properties of nanosheets, a prototype of BNNSs-based
gas sensor is designed and fabricated. A good sensor has several important parameters for
example, sensitivity, selectivity, response time and recovery time, as well as repeatability. To
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investigate these properties in our sensor, the static and dynamic testing of the sensor device for
different gases at the same concentration was performed. A chamber was employed to provide
different gas concentration levels in incremental steps, while temperature remained unchanged at
150 °C. Each step was maintained at constant parameters till the voltage reading reached a steady
value. The sensing mechanism is based on the resistance change caused by the reaction of the
absorbed gas molecules at the surface of BNNSs. Basically, sensor comprises of chip
(micrometer) scale metal fringes (electrodes), sensing element (BNNSs), a heater, power supply,
and electric digit meter. Cycling tests of sensing behaviors of newly designed sensors are
conducted in a calibrated apparatus [26]. Oxygen (O) and methane (CH,;) gases are used
independently as the targeted gasses for eight cycles, from which the response time (T es) and
recovery time (Trec) Of the sensor are investigated as shown in Fig. 5.14 (a,b).

The sensitivity (S) of the sensor is defined as, S(%) = (|Rs —R/|)/Rv, where Rs represents
the resistance of the sensor when gas is introduced in the chamber and R, is the resistance in
vacuum [27]. When sensor is exposed with the gas (O or CH,), the corresponding change in
resistance is recorded as shown in Fig. 5.14(a,b). The value for “S” is calculated from the cycle
in which maximum change in the resistance is recorded. In the case of O gas at (2000 mtorr),
maximum value of “S” was recorded around 1.5 when the output signal was stable, whereas Tes
and T were around 80sec and 110sec, respectively as shown in figure 3a. In contrast, for the
case of CH, gas (Fig. 5.14 (b)), at the same gas concentration, the change in resistance of the
sensor upon exposure of gas is much stronger. The relative intensity of the signal recorded for
CHy, is larger than that of recorded to O gas, indicating BNNSs-based sensor has high sensitivity
(S = 7.8) or selective properties. The possible reason is that methane molecules are polarized,

thus they can easily be absorbed by the surface and grain boundaries of BNNSs and then change
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the conductivity of BNNSs. Furthermore, Tres (= 10-15 sec) and Ty (= 15-20 sec) are recorded
down to few seconds. Actual T and T Should be even shorter than the observed value. This is
because in the present case, time delay in switching on or off the valves of gas inlet and outlet, as
well as low pumping capacity (7m>/h) affect the measurement results.

Eight cycles of experimental testing showed that the sensor has good repeatability. But it
is noticed that in the first cycle when gas is introduced into the chamber, the response of the
sensor is not unique. A tentative interpretation is that the contamination (humidity or dust
particles) on the surface of BNNSs affects the sensitivity of the sensor. After first cycle, response
and repeatability of the sensor in each cycle of gas “in” and “out” is almost identical. This is due
to the fact that the impurities from the surface of BNNSs might be pumped out with the gas.
When the gas is switched off, the resistance of the sensor drops slowly. There are two possible
steps involved after switch off the gas. In the first step, gas molecules are pumped out from the
chamber. During this interval of time (between the T and the Tr), large amount of gas is still
adsorbed on the surface of BNNSs. Consequently, the conductivity or response of sensing
material changes slowly as evidenced shown in each cycle. In the second step, continuous
pumping results in quick desorption of gas molecules from the surface of BNNSs. Slight
variation in the numbers of molecules on the surface of BNNSs can cause large change of

electrical properties of BNNSs. That is why during this step, signal drops rapidly.
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Figure 5.14 Response of BNNSs-based gas sensor to, (a) O and, (b) CH, gas.

BNNSs-based gas-sensors operate by measuring changes in electrical resistance of the
BNNSs upon exposure to the gas. Though the exact mechanism is still to be investigated, it
appears that free electrons can move easily through the surface and across the boundaries of
BNNSs. Briefly, when gas is introduced in the chamber, it is adsorbed onto the surfaces as well
as at the boundaries of BNNSs that removes free electrons, creating a potential barrier. This is
manifested as an increase in resistance of the sensor as shown in curves (Fig. 5.14).
55 Field Emission Characteristics of BNNSs

To get inside into the optical response of the BNNSs-metal DUV photo-detector we have
evaluated also the field emission properties of BNNSs. Figure 5.15 shows the field-emission
characteristics (emission current density) of the BNNSs as a function of applied macroscopic
electric field. The field emission characteristics were measured in a custom made system, in
which a molybdenum rod of 3 mm O.D. (area: 0.071 cm?) serves as the anode. Using this
configuration, the macroscopic surface electric field (Es) on the sample (i.e. cathode) can be

estimated accurately by Es = V/dca, where V is the voltage applied to the anode and dca is the
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distance between the cathode and the anode controlled with a micropositioner with an accuracy
of £2 um. All the measurements were taken at dca = 100 xm and at pressure not exceeding
5x10° " Torr. The current was measured with a Keithley 6517A electrometer and the power
supply used was a Stanford Research Systems PS350. Current lower than 1 pA was considered
as the background noise. The turn-on field (the field necessary to produce a current density of 1
nA/cm?) is estimated in spite of the BNNSs sample.

The average turn-on electric field was calculated from the anode voltage and the spacing
between the anode electrode and the sample surface. The electric field, at the emission current of
~1 nA designated as a turn-on electric field for the BNNSs, is estimated to be 8.3 V/um as shown
in Fig. 5.15 (a). These results can be analyzed in terms of the Fowler-Nordheim (F-N) theory
[28,29] which describes the electron emission current barrier by tunnelling process. The F-N plot
where In(J/E?) vs. (1/E) of h-BN samples is shown in Fig. 5.15 (b) [30]. The respective F-N

equation is given by the expression:

Elocal 2 — B¢3/2

J ex
. ( ) p( Elocal

) (Eq. 1)

where, ¢ is the work function for h-BN, and B is a constant equal to -6.83x10° V(eV)*? (um)™.

The slop of F-N plot is given by the expression:

_ Bg¥’d _ —(6.83x10%)¢"?
slope slope

(Eq. 2)

where, £ is the geometric field enhancement factor and d is the anode to cathode distance. This
slope represents the combined effect of the work function and the enhancement of the local
electric field. If the electron emission is controlled by the tunnelling mechanism, the F-N plot

presents a nearly straight line with a negative slope suggesting the electron emission process due

114



to F-N tunneling [31,32]. Using work function (¢ = 6 eV) for h-BN sample [33] the field
enhancement factor was estimated to be £ =1040 from the slope of F-N plot of BNNSs sample.
The high value of S factor indicates that the few atomic layer of “white graphene” BNNSs is an
excellent material for field emission applications.

Electron emission phenomenon can be understood well by considering geometrical
feature of BNNSs i.e. emission from the surface and curled edges. Emission from surface of
BNNSs depends on surface roughness and defects levels. In our case, surface of the BNNSs is
highly flat having negligible structural defects making horizontal surfaces less effective for the
electron emission process. On the other hand, curled or vertical edges of BNNSs could have high
field emission [34,35]. Moreover, defects density in the BNNSs is considered to be higher on the
edges of vertical nanosheets as compared to the surface of nanosheets. Also, the geometrical
features of the BNNSs increased the extraction of electrons at lower threshold electric field (8.3

V/PA) and hence an increase in the enhancement factor was observed [36].
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Figure 5.15 Field emission characteristics of BNNSs emission current density (a) and F-
N plot of nanosheets (b).
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56  Conclusions
In summary, BNNSs material exhibits outstanding semiconducting properties and is a material of
choice for developing, Schottky diode, DUV optical detectors and resistance based gas sensor.
Carbon doping in BNNSs produce Schottky barrier diode whose forward and reverse electrical
characteristics are in excellent agreement with the characteristics of a simple PN junction diode.
The output characteristics of Schottky diode highly dependent on thickness and alignment of
BNNSs, evidenced from 1-V measurements conducted from Schottky diode based on
longitudinally or transverse laid BNNSs. Either vibration or mobility caused by thermal energy
only occurs in the horizontal/transversal direction. Therefore, electrical current directed to
vertical/longitudinal direction would not be affected by scattering. Consequently, the resistivity
of BNNSs is extremely small, and this value remains nearly unchanged with the increase of the
temperature. This could be attributed to quantum tunneling effect.
The prototype BNNSs-Mo based DUV-optical sensor was developed and shown very good
response to UV light with wavelengths below 254 nm. It is concluded that fabricated device is
only sensitive to photons with energy greater than 4 eV. Such sensors can be useful for
extraterrestrial applications where broad spectrum of UV light is typically available. This
confirms that the high quality BNNSs material may surpasses other more technologically
developed semiconductor (e.g GaN, ZnO and diamond) for developing specific optical devices
for aerospace applications.

Characterizations of the fabricated detectors indicate that the BNNSs/Si based detector
has higher sensitivity or quicker response than that of the BNNSs/Mo based detector. The quality

of the interface between the substrate and the BNNSs dominates in detector properties.
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From the data of cycled test of different thickness based detectors, we conclude that thin BNNSs
based deep UV detector has quicker/shorter response time (1.5s) than that (1.65s) of the thick
BNNSs based detector, but 1% type of detector has lower sensitivity (4.2%) than that (22.2%) of
the 2" type of detector. From studies of comparison of fresh sample and 6-months old BNNSs
based UV detectors; we conclude the BNNSs based detectors have long life, reliability, and cost-
effectiveness. The evidence is that the response time and the sensitivity of the detector remains
nearly unchanged for long period of time.

From rapid response of BNNSs based gas sensor to CH,4 gas and slow response to O gas

indicated that BNNSs is an excellent material to sense gas of polar molecules chemistry.
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Chapter 6

Other Research Developed in this Thesis

In this thesis, we also study BN hard phase e.g. c-BN films similar to diamond like carbon film
as in the case of carbon material. We introduced a simple approach to synthesize c-BN films at
significantly low substrate temperature down to 450 °C using ferrous oxide (Fe;O3) nanoparticles
as catalyst. The catalyst helped to create reactive species of BN and transform the initially grown
h-BN base layer into c-BN film.
Besides c-BN films, growth of low dimensional boron nitride nanostructure e.g. synthesis of BN
nanowires, BNNTs and nanorods is demonstrated at different experimental conditions. To
nucleate BN nanostructures, a short pulse laser plasma deposition technique has been applied.
The surface morphology of each film and nanostructures was analyzed with SEM and TEM
microscope. Raman spectroscopy FT-IR and XRD techniques were used to analyze the
crystalline structures of the samples. Evolutions of the vibrational modes of transverse optical
and longitudinal optical phonons were observed. EDS spectroscopy investigations verified the
dominance of B and N in the samples.
6.1 Introduction

The synthesis of c-BN films has attracted extensive research interest due to their
excellent physical and chemical properties, which are expected to be similar or superior to those
of diamond films. Moreover, the unusual combinations of thermal, electrical and optical
properties, as well as hardness, low thermal expansion, microwave transparency of c-BN make it
a promising material for wide applications [1-5]. In general, c-BN films can be obtained from h-

BN at high temperature 1200-2000 °C and pressure 2.5-7.5 GPa. For example, Endo et al. [6]
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synthesized c-BN by CasB,N4 pyrolysis at 4.4-6.5 GPa and 1180-1800 °C. Hirano et al. [7]
prepared c-BN at 1800 °C and 6.5 GPa. Yu et al. [8] synthesized BN nanotubes by means of
excimer laser ablation at 1200 °C, whereas, Han et al. [9] nucleated BN nanotubes by
substitution reaction from carbon nanotubes at 1500 °C. So far, there are few reports concerning
the growth of c-BN at low substrate temperature.

We believe that low-dimensional systems interesting and worth pursuing as evidenced by
the growth of carbon, silicon etc. nanostructures. Synthesis of BN nanowires, nanorods and
nanotubes is also one example of 1D nanostructure. BN nanostructures have attracted great
interest in material technology due to their applications and numerous properties i.e. good
thermal conductivity, high hardness, low thermal expansion, high electrical resistance,
microwave transparency, good thermal shock resistance, and chemically inertness [10-14]. There
is a significant interest in the synthesis of nanostructured BN including nanowires, nanorods and
nanotubes for nano materials research.

6.2  Preparation of Catalyst for the Synthesis of c-BN Films

Syntheses of c-BN films are highly dependent on deposition conditions. With assistance
of catalyst, laser plasma deposition normally yields differently crinkled films. The wrinkled
structures or bend phenomenon could also possibly be caused by the residual stresses generated
during the growth process. This phenomenon would become more evident if the higher
temperature is set during the synthesis. However, to avoid such problems, in present thesis, we
used catalyst support in the synthesis of c-BN films.

Fe,O3 nanoparticles are used as catalyst for the synthesis of c-BN films at significantly
low temperature. The catalytic solution was prepared with 70 Wt. % acetone and 30 Wt. %

Fe,O3 nano-powders. Three polycrystalline silicon wafers (S;, S, and Sg) used as substrates were
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individually prepared: S; with 1 drop, S, with 2 drops and S3 with 3 drops of catalyst. Prior to the
deposition, each substrate mounted onto the spin coating machine for the uniform deposition of
catalyst layer.
6.3  Experimental Conditions

A CO; pulsed laser deposition technique (CO,-PLD: wavelength: 10.6 um, pulse width:
1~5 ps, repetition rate: 5 Hz, and pulse energy: 5 J, power density: 2x10° W/cm? per pulse) was
used to irradiate a commercial pyrolytic hexagonal boron nitride target (2.00" diameter x 0.125"
thick, 99.99% purity, B/N ratio ~ 1.05, density ~ 1.94 g/cc) [15-16]. The pressure in the
deposition chamber was kept at 2.66x10° Pa. A set of substrates (S1, S, and Ss) was placed
together onto the substrate holder 3 cm away from the target. The laser beam was focused onto
the target with an incident angle of 45 degrees relative to the target surface. A heater and a
thermocouple were used to obtain and monitor the desired substrate temperature (450 °C). The
duration for deposition was 10 minutes.
6.4 Low temperature synthesis of c-BN films
6.4.1 SEM and TEM Results

SEM cross-sectional views of the films deposited onto substrates (Si, S,, and S3) are
shown in Fig. 6.1(a-c). The thicknesses of the films on S;, S, and S substrates were around 0.25
pm, 0.85 um and 1.67 pm, respectively. A considerable increase in the thicknesses of the films
probably indicates that the high amount of catalyst would help to the formation of more BN
layers. The experiments without using catalyst were also conducted. However, the observed
properties of the film i.e. thickness, surface morphology and crystalline structure were similar to
that of the sample prepared on S; substrate. This indicates that without catalyst or little amount

of catalyst does not enhance film's properties.
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Figure 6.1(d-f) shows plane-view SEM images of c-BN films. The morphology of the
film on S; substrate showed spontaneous nucleation of BN layers as indicated with the arrows in
Fig. 6.1(d). The top layer of the film appeared smooth and flat. Few spherical particles were
visible underneath the layers representing the transparency of the film for electron beam. These
particles are probably related to the catalyst. The morphology of the film prepared on S,
substrate also showed the layer growth characteristics even though the surface was not flat (Fig.
6.1(e)). Further changes in the appearance and morphology of the film were recorded on S;
substrate (Fig. 6.1(f)). The film shows highly transparent glass-like appearance in which layers
can be seen inside the sample. This indicated that with an increase of the amount of catalyst,
more layers might be formed onto the substrate surface. The general interpretation is that during
laser ablation of the target, high energy ions and clusters were formed which played an important
role in surface heating of the substrate during the deposition of BN films. When BN ions and
clusters came close to the substrate surface, the extra thermal activation besides the substrate
heating was provided to the catalyst particles that reacted strongly with the incoming BN species
and exchanged energy through collisions. This enhanced the creation small size crystallites that
combined to form a well-shaped BN film [17]. Meanwhile, due to surface heating of the
substrate, thermal vibrations enhanced the migration of the catalyst particles onto the surface of
the initially grown layer. These catalyst particles supported the growth of next BN layer and so

on. This is in agreement with the previous reports [18-23].
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Figure 6.1 c-BN films synthesized on S;, S, and S3 substrate; (a-c) SEM cross sectional

view, (d-f) top view SEM micrographs. The scalar bars are shown on the images.
6.4.2 Raman, XRD and FT-IR Spectroscopy of c-BN Films

Figure 6.2 (a-c) shows typical Raman spectra of BN films. Two peaks were identified in
the spectrum (Fig. 6.2 (a)) of the sample from S1 substrate. The broad spectral line centered at
962 cm™ is related to silicon vibration band and the intense peak at 1365 cm™ is assigned to B-N
high frequency vibrational mode (E,) within the h-BN layer. A tiny peak at 1300 cm™ related to
longitudinal (LO) vibrational mode of c-BN can also be observed. This indicated that in the
present case, h-BN phase was dominating in the film. The spectrum (Fig. 6.2(b)) corresponding
to S, substrate shows transverse optical (TO) and Longitudinal optical vibrational modes of c-
BN at 1065 cm™ and 1300 cm™, respectively. However, the vibrational mode related to h-BN
was not observed. Similarly, TO and LO vibrational modes of c-BN films also appeared in the

spectrum (Fig. 2.6 (c)) of the sample from S3 substrate. This experimental data suggested that
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catalyst particles provided sufficient energy of exchange through collisions that transformed
initially grown h-BN phase into c-BN phase. A tentative interpretation is that the extra collisions
and heating would enhance the mobility of the catalyst particles on the surface of the substrate,
and correspondingly the internal stress/strain built up that accelerated/catalyzed the
transformation of sp®>-bonded h-BN base layer to sp*-bonded c-BN film [24]. XRD spectra of the
films are shown in Fig. 2.6 (d-f). A peak at 20 ~ 26° assigned to h-BN (002) phase was recorded
from the sample synthesized on S1 substrate (Fig. 2.6 (d)). No other phase was detected which
indicates that the film composed of hexagonal structure. XRD pattern (Fig. 2.6 (e)) of the film
prepared on S, substrate shows the peaks at 20 = 44°, 49° correspond to c-BN (111) and (200)
phases, respectively [25]. In contrast, intensity of the peak related to h-BN (002) phase reduced
and a new peak appeared at 20 ~ 39° related to h-BN (001) phase. In the XRD pattern (Fig. 2.6
(H) of the film from S3 substrate, h-BN (002) peak completely vanished, whereas c-BN (111)
and c-BN (200) phases became dominant, indicating the improvement of the crystallinity of c-
BN phase. Some peaks marked with asterisk were also recorded in the XRD spectra but have not
yet been identified. The phases in the films were also analyzed with FTIR spectra as shown in
Fig. 2.6 (g-i). The sp®-bonded h-BN is characterized in the sample prepared on S; substrate by
two vibrational modes, one at 1365 cm™ for in-plane B-N stretching and other at 805 cm™ for the
out of plane B-N-B bending [26] as shown in Fig. 2.6 (g). A tiny peak at 1063 cm™ related to
sp3-bonded c-BN peak was also observed. However, c-BN peak can be easily identified in the
spectrum of the sample from S, substrate, whereas h-BN stretching mode was comparatively
weak (Fig. 2.6 (h)). A significant increase in the intensity of c-BN peak was seen in the sample
from S3 substrate (Fig. 2.6 (i)), probably indicating that at high amount of catalyst, the sample

has more c-BN content.
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Figure 6.2 (a-c) Raman spectra (d-f) X-Ray diffraction patterns and (g-i) FTIR spectra

of c-BN films synthesized on S;, S; and S3 substrates, respectively.

6.4.3 Elemental Analysis in c-BN Films
Typical result of EDS analysis of the sample from S3 substrate is presented in Fig. 6.3.
The film mainly composed of B and N species. A small amount (total less than 10%) of other

elements such as O and Fe were also identified that should be from the catalyst (Fe,Os3).
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Figure 6.3 EDS spectrum of c-BN film prepared on S; substrate.

6.5  Synthesis Techniques for 1D Nanostructures

Several types of techniques were used to synthesize 1D BN nanostructures i.e. ion
assisted physical vapor deposition (IVD) [27], arc jet or sputtering deposition and PLD technique
etc. However, BN nanostructure prepared with other technique like CVD is poor due to the
concentration of impurities, like H, Ar and O, depending on the deposition conditions applied.
The metallic impurities, like tungsten (from filament) and ferrous (sputtering from stainless
steel) are common in BN films [28]. These impurities may create structural disordering and
effect the functioning of devices fabricated for electronics application. Some other possible
effects i.e. shadowing at glancing angle of incidence, re-deposition of sputtering atoms and

sputter effects of reflected ions have considerable attentions during the development of
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nanostructures [29,30]. However, these physical phenomenon have minor effects in our present
case of synthesis of nanostructures via laser ablation of solid target.
6.6  Experimental Conditions Applied

For the synthesis of BN nanorods, short pulse laser plasma deposition technique is
applied. An ArF Lambda Physics 1000 excimer laser (193nm, ~20ns, and 10 Hz repetition rate,
and 200 mJ pulse energy) was used to irradiate BN target at 2.0x10™ Torr in the chamber. The
laser beam, focused with a 30 cm focal length fused silica lens, with incident at 45° relative to
the target surface. The diameter of the focused spot of laser beam on the BN target was about 3
mm. The power density of the laser on the target was 1.4x10® W/cm? per pulse. For smooth
deposition, target was rotated with 200 rpm. Commercial Si and Mo materials were chosen as
substrates because of their numerous electronic properties and extensive use in fabricating
microelectronic devices. The substrates were placed at 3 cm away from the target. Substrates
were heated to 550 °C and 650 °C. A thermo-couple was used to measure the temperature during
deposition process. The error in temperature was around 10%. The description of operating
mechanism and system is detailed elsewhere [31].

Prior to deposition, substrates were polished with diamond powder (diameter: <10nm),
cleaned with acetone and methanol, and then rinsed with deionized water in sequence to remove
impurities. The Si substrates were that were directly used after cleaning. The duration for each
deposition was kept 20 minutes.

6.7  Nanostructures Characterizations

Surface morphology of BN Nanostructures were characterized by using SEM microscopy

whereas, crystalline structure and elemental analysis study was conducted using Raman

spectroscopy, XRD analysis and EDX spectroscopy.
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6.7.1 BN Nanowires

The synthesis of BN nanowires was composed on Si substrate and results are presented in
Fig. 6.4. Figure 6.4a shows SEM images of 1D BN nanowires synthesized on Si substrates at 550
°C and 650 °C, respectively. We observed plenty of nanowires emerging out from a thick BN
clusters as shown in Fig. 6.4 (a). The diameter of each nanowire was around 0.1 pum with lengths
around 2~5 pm. The micro size of clusters present on the substrates surface (Fig. 6.4 (a)) were
probably ejected from the target due to laser heating surface above the melting point with the
subsequent fusion of the surface. Such effect was also observed in the earlier studies [13] using
variety of the materials deposited by the laser ablation. In general the micro-clusters do not have
enough thermal energy to be transformed into well-defined nanowires. Therefore, a high
substrate temperature during deposition is related to yield well-defined nanowires. Fig. 6.4 (b)
shows the surface morphology of BN sample prepared on Si substrate at 650 °C when other
experimental parameters were kept unchanged. The enlarged one-dimensional fine tip nanowires
were found on the substrate surface. The length of nanowire was around 100 pum, whereas, the
diameter of the nano-tips was around 50 nanometers. It was also observed that a single nanowire
has two fine nanotips. Such kind of nanowires particularly, nanotips can be more sensitive for
field emission applications. However, increasing the substrate temperature did not lead to better
nanowires growth. Probably nitrogen atoms desorbed as nitrogen molecules (N,) from the
substrate easily at high temperature [32]. This may cause problems in obtaining active N atoms
to form BN nanostructure as well. This showed that an optimum substrate temperature was

required to obtain high quality crystalline nanowires.

129



20kV  X10,000 1um

Figure 6.4  SEM micrographs of BN nanowires synthesized on Si substrates (a) at 550

°C (b) at 650 °C. The scale bars are shown as 1 pm for deposition at 550 °C and 20 pm

for the deposition at 650 °C substrate temperatures.
6.7.2 BN Nanorods

Following the same experimental parameters and steps, a new experiment was conducted
on a Mo substrate in order to compare the nucleation of BN samples on silicon versus
molybdenum substrates. Fig. 6.5 (a) shows the SEM micrograph of BN nanorods on Mo
substrate at 550 °C. The micrograph revealed an island of boron nitride nanorods. The diameter
of nanorods was around 0.2 pum. However, different nanorods have different lengths varying
from 0.2 pm to 0.8 pum respectively. In contrast, the sample prepared at 650 °C has flower like
nanostructure based on nanorods (Fig. 6.5 (b)). The nanorods were embedded uniformly on to
the surface of substrate around the BN cluster. The micrograph revealed that a thick cluster was
formed in the middle with large number of nanorods emerging all around from its base.

Probably, the base of the cluster was in contact with the substrate and was at a high temperature

compared to the top and middle part of it. Due to high temperature, first the cluster base was
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broken and transformed into nanorods. However, the central part of the cluster did not get the

required amount of heat in order to transform into desired nanorods.

Figure 6.5  SEM micrographs of BN nanorods synthesized on Mo substrates (a) at
550 °C and (b) at 650 °C. The scale bars are shown as 1 pm for deposition at 550 °C and
20 pum for the deposition at 650 °C substrate temperatures.

6.7.3 BNNTs

In our earlier experiments, we synthesized BN nanowires and nanorods without using
catalyst. However, we were not able to synthesize BNNTSs via PLD system without the support
of catalyst. Therefore, in the present experiment, we used Ni nanopowder as catalyst and
synthesized BN nanotubes.

Figure 6.6a shows the SEM images of BNNTs randomly distributed on entire surface of
the substrate. In the magnified image (Fig. 6.6 (b)), one can clearly find out the nanotubes
bending and scrolling. The diameter of each nanotube was around 0.5 pum indicating multiwall
nanotubes, however at this stage the length of a single nanotube wasn’t estimated as the tubes

have bending and scrolling geometry. Fig. 6.6(c) shows corresponding TEM images of bunch of
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BNNTSs. In the magnified TEM image of a single BNNT (Fig. 6.6 (d)), we observed hole

indicated typical geometry of multiwall BNNT.

X3, 008

Figure 6.6 (a) SEM images of BN nanotubes synthesized on Si substrate at 300 °C
substrate temperatures, (b) magnified SEM image of BNNTSs. (c,d) corresponding TEM
and magnified TEM images of BNNTSs.

6.8  Effect of Experimental Parameters in the Synthesis of BN Nanostructures

6.8.1 Effect of Substrate Temperature
Substrate temperature has significant effect in the synthesis of BN nanostructures.

Following SEM images are one typical example. Fig. 6.7 shows SEM images of boron nitride
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nanorods prepared on Mo substrates at different temperatures 400 °C, 500 °C, and 600 °C,
respectively. In Fig. 6.7 (a), no obvious nanostructure was observed as the synthesis temperature
was 400 °C. Fig. 6.7 (b) shows the SEM micrograph of nanorods prepared at 500 °C. Large
numbers of randomly oriented nanorods were found. The length of these nanorods varies from
450 nm to 1.5 pum but their diameters were very similar, around 100 nm. After making
comparison between Fig. 6.7 (a) and (b), we concluded that an increase of the substrate
temperature might be helpful to yield better nanostructure. Therefore, experiment at 600 °C was
conducted keeping other experimental parameters unchanged. The SEM image of the sample
prepared is shown in Fig. 6.7 (c), where we found that BN nanorods become wider compared to
that of grown at 500 °C substrate temperatures (Fig. 6.7 (b)). The diameter and length of the
nanorods was recorded different from each other. However, the length varied from 1 pm to 4 um
approximately and diameter was around 0.1 pum to 0.6 um respectively. The interesting point to
be noticed not only the size of the nanorods but transparency was also increased at higher
deposition temperature indicated that temperature plays important role in the crystallinity of the
samples. These variations of nanostructures, as shown in Fig. 6.7, were obviously related with
the thermal energy provided by the substrate to the sample during deposition process. The
general interpretation was that during laser producing plasma of the target, high energy ions and
clusters of BN were formed which play an important role of surface heating as well as etching
during the deposition process. The ions, when they reach to the substrate surface, the extra
thermal activation besides the substrate heating was provided to the sample by energy exchange
through collisions between the active ions, clusters and atoms of BN. This helped to transform
small sized nanorods. The incoming ions attach with the initially grown nanorod and hence well-

shaped wide and large transparent nanorods appear.
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It should be mentioned here that shadowing at glancing angle also play an effective role
in growing nanostructures [33]. Such technique is capable of fabricating ordered arrays of
nanostructures i.e. nanorods. It utilizes the flow of atoms or molecules and clusters impinging
from surface of the target on to the substrate from an oblique angle in a vacuum which results in
a deposited nanostructure showing nanorods morphology [34]. In the case of laser ablation of
solid target, the angle of incidence of the laser beam on to the target controls the tilt of the
column (plasma plume) and affects the degree of shadowing and hence the morphology
and orientation of the deposited nanorods. However, in the present case, shadowing at glancing
angle of incidence is less effective. The reason is this that we placed target and substrates parallel
to each other. The plasma plume generated by laser pulses was perpendicular on the target

surface as well to the surface of the substrates which minimizes the shadowing effects.

Figure 6.7 SEM micrograph of BN nanostructure on Mo substrate at (a) 400 °C and (b)
at 500 °C and (c) at 600 °C. The scale bars are 1 pm.

6.8.2 Substrate Material Effect
Substrate material in another parameter that could affect the growth process and
morphology of synthesized BN nanostructures. This we have studied by depositing BN

nanostructures on two different substrates Si and Mo. The variation of nanostructure is related to
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the strain from the misfit in lattices between boron nitrogen films and the substrate, which leads
to structure transitions [35,36].

The misfit in lattices between initially grown films and substrate can be enhanced with
increase in substrate temperature. The over-layers grow with staking fault after a first coherent
layer. When the film was much thicker than the critical thickness, the initial smooth surface of
the film would become the fractal like structure, then enhanced, and eventually the thin film will
be transformed into rod-shape structure.

6.9  Other Characterizations

Besides scanning electron microscopy, we applied energy dispersive X-Ray spectroscopy
(EDS) to analyze boron and nitrogen concentration in the samples. The crystal structures of BN
samples were investigated using Raman spectroscopy and x-ray diffraction technique. The
experimental results showed that the nanorods were hexagonal mixed with cubic, whereas the
nanowires and nanotubes were hexagonal.

6.9.1 Raman Spectroscopy of BN Nanorods

Raman spectroscopy is a powerful technique to analyze sp® and sp® bonding structures.
Therefore, in our current study, the crystalline structures of BN nanorods were analyzed by
Raman spectroscopy using triple monochromator (ISA J-Y Model T64000) with an excitation
wavelength of 514 nm (Ar" ion Laser). The microscope was used for focusing the laser beam
onto the surface of samples. Fig. 6.8 (a) shows Raman spectrum of the BN film deposited at 400
°C. Two peaks at 1054 cm™and at 1358 cm™ can be observed. The first peak is very weak that is
assigned to vibrational mode of sp* bonding related to c-BN phase. The second peak at 1358 cm"
! is due to sp? vibrational mode that represents h-BN phase. The results from the Raman

characterization indicate that sp?> bond dominates inside the sample prepared at low substrate

135



temperature. Furthermore, crystalline structure is poor because the peak profile is extremely
broad.

Figure 6.8 (b) and (c) show Raman spectra of BN nanostructures synthesized at 500 °C
and 600 °C, respectively. From 500 °C to 600 °C, Raman peaks nearly remained unchanged but
becomes much sharper whereas peak broadening is also reduced at 600 °C. Therefore, it may be
concluded that crystal quality of BN nanorods possibly improved with the increase of substrate
temperature. A tentative interpretation is that internal stress and thermal vibrations in
nanostructure increases at higher temperature, resulting in partially transforming the sample into
c-BN phase. It is found that the peak corresponding to h-BN exists in all Raman spectra. This
may be due to the fact that Raman scattering efficiency for h-BN is much higher than that for c-
BN [37]. The significant finding is that the influence of substrate temperature caused an increase

of sp® content in the sample that is in good agreement with the previous report [38].
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Figure 6.8 Raman spectroscopy of BN nanostructure at (a) 400 °C, (b) 500 °C, and (c)

600 °C, respectively. (d) The peak intensity ratio (I;en/lnen) as a function of substrate

temperature.

Raman peak shifting and broadening of BN sample, from 1362 cm™ to 1432 cm™ for h-
BN phase and from 1065 cm™ to 1103 cm™ in the case of c-BN phase is also observed as shown
in Fig. 6.8 (c). In particular for c-BN, it is a so-called reststrahlen band and has an intrinsic
broadness [39].

However, the shift in the Raman peaks towards higher number (as shown in Fig. 6.8c) is
due to small amount of impurities or because of crystalline disorder. Fig. 6.8 (d) shows the
fraction of peak intensity ratio (Icgn/lnen) @s a function of substrate temperature. The ratios
(Ieen/Inen) from the samples increased with substrate temperatures from 400 °C to 600 °C. At 600
°C, c-BN phase already dominants the sample.

It is well known that re-deposition of the sputtered material is also an important issue of
manufacturing of nanoscale structures. In most of the cases re-deposition of the sputtered
material is seen as a contamination with unwanted species [ 35]. In our case i.e. laser ablation of
solid target, sputtering took place very less and hence the re-deposition. The evidence was that

the impurities were low in the samples as detailed in the EDS.
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From literature [38], BN phase change could occur only at higher substrate temperature. Thus the
temperature threshold is a fundamental condition for post-nucleation of c-BN. This threshold
must be related to the initial h-BN growth stage or the onset of the nucleation process of the c-
BN phase.

6.9.2 XRD Analysis

The crystallographic structures of the selected BN samples were also examined using
XRD technique. No obvious XRD spectral lines were observed from the sample prepared at 400
°C. This result is in agreement with the data recorded from Raman characterization, indicating
low temperature of deposition yields amorphous BN thin film. In contrast, high temperature of
deposition yields much better quality of crystalline structures that have been confirmed by XRD
shown in Fig. 6.9. The peak observed at 26° is due to h-BN phase, whereas the peak centered at
40.7° is of Mo substrate. A XRD peak marked at 29° (Fig. 6.9 (a)) was related to substrate and
another peak located at 37° (in Fig. 6.9 (b)) was also observed that may be from impurity
contribution. These impurities may belong to chamber or substrate holder as explained in EDS
spectra.

XRD pattern in Fig. 6.9 (a) also shows the peak at 44° has relatively very low diffraction
intensity, suggesting less content of c-BN (111) phase inside the sample. The peak position for c-
BN (111) phase is as well reported in literature [40]. The XRD results of the sample prepared at
600 °C are shown in Fig. 6.9 (b). The peak appeared at 260 vanishes whereas the signal of the
peak at 44° becomes much stronger. The changes of XRD signals reveal that sp® content is
increasing with substrate temperature. The XRD intensity ratios between c-BN peak at 44° and

h-BN peak at 26° increased from 0.19 (Fig. 6.9(a)) to 23.94 (Fig. 6.9 (b)), indicating the
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evolution of the crystalline structure from h-BN to c-BN domination inside the sample following

an increase of substrate temperature.
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Figure 6.9 X-Ray diffraction pattern of BN nanostructure on Mo substrate (a) at 500 °C

(b) at 600 °C.

Some interpretation related with sputter effects of reflected BN ions can also affect the
crystalline structures of nanorods. However, in laser ablation technique, such effects have minor
contributions in distorting the structure of BN samples. The effects of reflected ions took part in
growth mechanism of nanostructures as explained in the case of glancing angle of incidence. In
general, reflected ions affect surface roughness, morphology of the nanorods, and their structure
evolution if the energy of the scattered ions is more than 200 eV [41]. The ions that reflect from
normal incidence of the substrates were very low in energy, might be even less than 5 % of
incidence ions energy. Hence, in present case of laser ablation technique, low energy reflected
ions do not affect the crystalline structure by much.

6.9.3 EDS Spectroscopy
EDS technique was used for elemental analysis of BN samples and it was observed that

the atomic ratio of the B and N in nanorods strongly relies on substrate temperatures. For
139



example at 500 °C, atomic concentrations of boron and nitrogen were 74.93 At% and 12.10 At%,
respectively. At 600 °C, it became 78.12 At% for boron and 19.29 At% for nitrogen. Since,
surface of the samples were B-rich BN, high content of boron in EDS spectra were obtained. The
increase in atomic percentage also showed that boron and nitrogen species became more reactive
at high temperature. Few percentage of impurity elements i.e. 0.34 At% oxygen and 2.24 At%
carbon was also found in nanostructured BN samples. Weak oxygen signal from EDS spectra
was probably due to oxygen contamination when transferring the sample in air from the
deposition chamber to characterization chamber and carbon contamination was possible from
deposition chamber via scattered laser pulses.
6.10 Conclusion

In summary, c-BN films were synthesized using catalyst at low substrate temperature
down to 450 °C. A large amount of the catalyst helped producing thick BN films. From XRD
data, it was concluded that the hexagonal structure dominates in the sample prepared with a
small amount of catalyst, whereas cubic phase dominated in the case of a large amount of the
catalyst. Both FTIR and Raman spectra confirm the results obtained from XRD measurements.

The BN nanostructures were also synthesized and it was concluded that the morphology
and dimensions of nanostructures change with the change in substrate temperatures. At 500 °C,
large numbers of randomly oriented nanorods were found. The length of these nanorods varies
from 450 nm to 1.5 um. At 600 °C, the BN nanorods become wider. Both Raman spectra and X-
ray diffraction spectra show that the content of h-BN phase decreases with an increase of
substrate temperature, whereas content of c-BN increases. Moreover, BN nanorods transform

into crystalline phases at higher substrate temperature.
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Chapter 7

Summary and Future Work

7.1 Summary of Contributions

The research presented in this thesis have contributed significantly towards advancing the
current state of knowledge by providing unprecedented details on 2D nanomaterial: the dynamics
of nanoscale material synthesis, atomic scale characterization, crystal structure evolution, free
standing ultrathin nanosheets fabrication, nanoscale structure study, layered structure
characterizations, structural modification, bang-gap engineering of nanosheets and their
applications from basic electronic to optoelectronic devices fabrications. The size, shape,
thickness, density, and alignment of the BNNSs were well reported and explained in this thesis.
The important advancements are briefly summarized in this section.
7.1.1 Synthesis Ultrathin Boron Nitride Nanosheets

Controlling experimental parameters and detecting the atomic layers BNNSs at molecular
scale is of fundamental importance in realizing the next-generation of 2D nanomaterials systems.
Unlike graphene, there was no established method to obtain large scale of single- or few-layer
BNNSs. This deficiency has been removed in our current thesis research. We installed and
upgraded CO,-pulsed laser plasma deposition system and introduced new experimental
parameters that worked for us perfectly and we achieved large amount of high quality, few
atomic layers born nitride nanosheets at significantly low substrate temperature down to 300 °C

and at short interval of deposition time (e.g. 3-5 sec).
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Chapter 3 reported on a novel approach to synthesize nanosheets using short pulsed laser
plasma deposition technique and control on plasma plume resulted in guided ions assisted layer-
by-layer deposition of BNNSs with highest reported yields till date. The as synthesized sheets of
BN monolayers exhibited extensively honeycomb rings which were utilized to interpret overall
crystal structure, and also applied for nanomaterial device fabrication demonstrating their ability
to act as excellent nano-templates. There were the first time ever reported studies on gas sensing
properties and experimental approach for the fabrication of DUV sensor based on synthesized
BNNSs and formation of their nano-constructs. This work has the potential to advance ongoing
research efforts in 2D materials towards studying atomic thin sheets other than graphene from
basic to advance applications.

With the variation of deposition parameters such as introducing background gas as
deposition environment, we controlled the thicknesses of nanosheets, while quality and purity of
the sample were still very high. For background gas, we chose H, gas which transformed in to H*
ions and it effectively etched substrates from residual oxygen resulted in pure BNNSs formation.
Beside successfully synthesized BNNSs, much attention was paid in crystal structure
characterization. TEM characterized large area, flat and transparent BNNSs while, high
resolution transmission electron microscopy (HRTEM) identified the sheets to be mostly defect-
free and to have the characteristic honeycomb crystal lattice structure based on six-membered
B3-N3 hexagon. From HRTEM measurements, we clearly distinguished between the bright and
slightly dull dots related to B and N atoms arranged in a typical honeycomb network structure,
similar to C-C atoms in graphene. HRTEM, electron diffraction, X-ray diffraction, Raman
scattering, fast Fourier transform and Fourier transform infrared spectroscopy clearly identified

hexagonal BN structure.
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In this thesis, we also revealed nanostructuring of composite BNNSs used to provide new
electronic and optical functionalities. BNNSs were used to study their applications in different
areas of nano-electronic device technology, e.g. fabrication of prototype Schottky diode, deep
ultraviolet photo detector (DUV) and resistance based gas sensor. In the case of Schottky diode,
carbon elements were used to functionalize BNNSs and current versus voltage characteristics of
were recorded at different temperatures (25 °C, 50 °C, 75 °C) represented that doping in BNNSs
brought a significant change in the output current of diode. BNNSs were also treated with
hydrogen plasma, which exhibited distinct and pronounced changes in its electronic properties
after the plasma treatment. The band-gaps of the few layers BNNSs reduced from ~5.6 eV to
~4.25 eV, which is a signature of transition from the insulating to the semi-conductive regime. It
was concluded that with the engineered of 2D materials by attaching other atoms or molecules
significantly changes electronic properties.

Data obtained from BNNSs-based DUV photo-detector device indicated that BNNSs are
highly sensitive to deep UV light source. Response time and recover time were also estimated
which are expected to be further shorter if we have digital control on several experimental
parameters. Gas sensing properties of BNNSs-based gas sensor indicated that BNNSs are truly
an effective material that can be used as resistance based gas sensor operates in extreme high
temperature and toxic environment where properties of conventional sensors fall short. It is
therefore summarized that BNNSs are highly attractive for range of applications in material
science and nano-electronic device technology.

Similar to diamond like carbon, BN is also fashionable in cubic structure. In this thesis,

we synthesized cubic BN films at significantly low substrate temperature (450 °C) using ferrous
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oxide (Fe,Os3) nanoparticles as catalyst. While by using nickel and cobalt nano-particles as
catalyst helped in producing BN nanotubes.
7.2 Future work

In addition to these works, we propose to initiate a potential project on graphene and its
twin BNNSs by designing a compact layer structure on detecting visible light using graphene-
platform for photo-voltaic applications. The following sections present an overview of these
projects.
7.2.1 Overview

In this section we present the preliminary studies on a potential graphene work that
revisits the sensitivity of graphene to visible region and applies it to detect the visible light.
BNNSs are receiving great research attention as a substrate material for high-performance
graphene electronics because it has an atomically smooth surface, and lattice constant similar to
that of graphene. Therefore, deposition of graphene on atomically flat layers of BNNSs for
tunable electronic properties will be a potential project. In the first step, we will synthesize
BNNSs via PLD technique. In the second step, BNNSs samples will be transferred to another
chamber to deposit graphene using chemical vapor deposition method. BNNSs as substrate
material will help to grow wrinkle free graphene on its surface and it will also improve charge
transport properties in graphene. Graphene/BNNSs will provide relatively smooth surface, free
dangling bonds and absence from charge traps. As BNNSs has similar lattice constant to that of
graphene, it will tune its band gap that will lead graphene to several other electronic applications
so far graphene lacks due to its zero band gap.

The single atom thick quasi planar sheets of graphene functions as an ultra-sensitive

electrical platform due to the high carrier charge density and the low-scattering sp>-bound-carbon
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lattice-structure. The single atom thickness with a high density of p-electrons on the surface
makes graphene ultrasensitive to surface events which can either change the carrier density or
produce scattering sites. The interest is to functionalize graphene for device fabrication using
BNNSs as substrate material and investigated the effect of nanoscale-scale material on the
fundamental electrical properties of the base graphene by characterizing electronic and

optoelectronic properties under visible light.

Hexagonal
honeycomb
lattice

Figure 7.1 Schematics illustration of graphene on BNNS.

Layered materials e.g. graphene [1-3] and BNNSs [4] are playing excellent role in a
variety of key scientific fields including materials science, condensed matter physics, molecular
electronics and spintronics, tribology, chemistry and solar cells. Graphene is receiving significant
attention since 2004 when it was mechanically isolated into single atomic layers graphene [1].
The carbon (C) atoms in graphene are arranged in a 2D-planar hexagonal honeycomb crystal
lattice structure (Figure 7.1) and are bounded together by strong covalent bonds (sp? bonding),

while weak van der Waals forces hold the layers together. On the other hand, BNNSs have been
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considered a counterpart of graphene due to its similar crystalline structure and identical lattice
parameter to that of graphene [1]. The compact nanostructures of these two material e.g.
graphene/BNNSs will be an interesting approach towards new research based on 2D

nanomaterials.

The objective of this work is to introduce new method to isolate 2D layered materials e.g.
graphene on BNNSs for various electrical applications. The experimental set up is simple and
cost effective, which satisfies the requirements of commercial applications. The development of
creative and innovative methods and processes will be required for handling and integrating
them into device architectures, which requires a fundamental understanding of the chemistry and
physics of these materials in order to manipulate them as desired.

7.2.3 Existing Research

BNNSs have been tested for numerous applications in electronics and optoelectronics.
For example, BNNSs are considered an excellent dielectric material. Moreover, BNNSs have
also been reported as superb substrate material for graphene based electronic devices. An
example is shown in Fig. 7.2 in which significant increase in output current recorded when

graphene deposited on BNNSs substrate [6].
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Figure 7.2 1-V characteristics of graphene placed on SiO, and BNNSs.
Large area BNNSs have been produced by using short pulsed laser produced plasma
deposition (SSP-LPP) techniques. Based on the SSP—-LPP technique, we previously synthesized

various types of BNNSs structures as shown in Fig. 7.3 (a,b) [7].

(b)

Figure 7.3 (a) Schematic of SSP—-LPP technique. (b) Electron microscopic images of
BNNSs prepared by PLD technique.
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7.3  Closing Remarks

In principle, the family of 2D nanomaterials presents a gamut of perspectives that enable
reexamination of older research problems and avenues of studying newer ones. The knowledge
we have obtained in this work has significantly contributed to the evolving story on the science
of 2D BNNSs. The results presented here are continuity of the research presented by other
researchers and we have improved and expanded upon the work from synthesis to applications
enclosed in this thesis. The application fields discussed here have been an extremely fruitful area
of electronic and opto-electronics research and have expanded at a rapid pace. The 2D
nanomaterial family discovered since the discovery of graphene and today it is a familiar
territory over the wide research areas. Starting from the science of graphene that has introduced
the most; recent research on other members BNNSs is the continuity of 2D materials and their

applications.
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